Buffer gas collisions effect on electromagnetically induced

transparency (EIT) in three level & four level systems

A thesis submitted in partial fulfillment for the award of the Degree of
DOCTOR OF PHILOSOPHY
In
Physics
by

Munipalli Anil Kumar

School of Physics
University of Hyderabad
Hyderabad 500046, India

June 2012



Copyright 2012

Munipalli Anil Kumar. All Rights Reserved.



DECLARATION

| here by declare that the work reported in this thesis entitled “Buffer gas collisions effect
on electromagnetically induced transparency (EIT) in three level and four level systems”
has been carried out by me independently in the School of Physics, University of Hyderabad,
under the supervision of Dr. Suneel Singh. 1 also declare that this is my own work and effort,

and it has not been submitted at any other University or institution for any degree.

Date: (M. Anil Kumar)

Place



CERTIFICATE

This is certified that the work contained in this thesis entitled “Buffer gas collisions effect on
electromagnetically induced transparency (EIT) in three level and four level systems” has
been carried out by Mr. MUNIPALLI ANIL KUMAR (Reg.No.06PHPHO01), under my direct

supervision and the same has not been submitted for the award of research degree of any

university.
Dr. Suneel Singh
Place: Hyderabad Thesis Supervisor
Date: School of Physics
University of Hyderabad
Dean

School of Physics

University of Hyderabad



To My guide



ACKNOWLEDGMENTS

There are many people who influenced, guided, taught, and helped me. lam thankful to every

one of them

First of all, 1 would like to thank my advisor, Dr. Suneel Singh for his support, advice, and
especially for being the perfect role model of a good human being. | am grateful to Dr.
Anathalakshmi for teaching Quantum Optics. | want to thank Mr. Sanjeev Kumar and G.
Srinivas for their help in computational technique. A Special thanks to wax lab friends
(Sudhanirmala and N. shankariah), Optics group friends (K.L.N Deepak, S.K. Ali,
M.B.M.KTrishna etc) and 2006 batchmates (B. Yugander, Parthasarathi, G.Devaraju, Arun, Vasu
etc) last but not least | thank V.Saikiran, P.Satyanarayana, I.Gopalkrishna and Azeem Baig
Mirza. Also | want to acknowledge the financial support of University of Hyderabad, U.G.C and
C.S.I.R. Finally, I would like to thank all my friends and family, Special thanks to my wife Usha

Kiran and my Well wishers (Krishna murthi garu and Venkateshwarao garu) for their support.

Vi



Abstract

Electromagnetically induced transparency [EIT] is a phenomenon in which an initially absorbing
medium is rendered transparent to a resonant probe (weak) laser when a pump (strong) laser is
applied at an adjacent transition. The aim of this dissertation is to develop general theoretical
models to study and understand the influence of various broadening and narrowing mechanisms
on the phenomenon of EIT and other related processes. These include, i) Doppler broadening
arising due thermal motion of atoms (with velocity components v, ) along z (axial) direction as
well as in transverse ( with velocity components vy and vy) directions. ii) velocity changing and
dephasing collisions effects a buffer gas in Doppler broadened medium. In chapter 2 we study
buffer gas collisions effect on residual broadening (arising due to pump-probe wave vector
mismatch along v, direction) in a ladder (£) system. In chapter 4 we investigate the feasibility of
observing EIT phenomena in an inhomogeneous (Doppler) as against a homogeneously
broadened media. In Chapter 3 and Chapter 5 deals with a study of transit time (or time of flight)
broadening (arising due to thermal motion of atoms across the finite size of the probe beam) and
buffer gas collisions effects on the phenomena of EIT, slow light and four wave mixing process
in three level lambda (A) and four level double lambda systems. Comparison with experiments
show that these theoretical models are in good agreement with experiments performed in hot

vapor cells containing buffer gas.
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Introduction

Chapter 1

1. Introduction
1.1 Review of the study on electromagnetically induced transparency (EIT):

Electromagnetically Induced Transparency (EIT) [1] describes transparency
(nonabsorption) of a weak optical (probe) field at a resonant transition in three level medium due
to interference effect induced by a relatively strong (control) field applied at an adjacent
transition. The foundations of EIT were laid by Kocharovskaya and Khanin [2] in 1988 and
independently by S. Harris in 1991 [3]. Since then numerous experimental and theoretical
publications devoted to the study of EIT have appeared and there is considerable activity in this

field in recent times.

A physical mechanism underlying the EIT phenomenon is the destructive atomic
interference between alternate laser-induced atomic transition amplitudes (or atomic coherences)
for a given transition process. The condition behind the EIT is a two-photon (or Raman)
resonance. Some other physical explanations for EIT are (i) coherent population trap (CPT)
analogy [4] (ii) Dressed state analysis (The CPT analogy and the dressed state explanation for
EIT can be related to each other [5] (iii) Multiple routes to excitation, (iv) other alternatives for
explaining the EIT process have been proposed such as the use of Feynman diagrams to
represent the interfering processes [6], use of a 3D vector model[7] or methods involving

stochastic wave function diagrams[8].

Several interaction schemes of atomic levels and laser fields are suggested and
experimentally demonstrated the EIT effect, such as a A- scheme [3,9] where two lower levels
are coupled by two fields with a single upper level, a V- scheme [10], where one ground level is
coupled with two higher levels, a ladder E or cascade scheme [11], in which the upper level is
coupled with the ground level through an intermediate one, and many others utilizing more than
two fields coupling higher numbers of levels. Above proposed three level schemes can be

realized in gases or vapors [3, 12], semiconductors [13] and in solid media. [14]

The possibility of controlling the transparency of a medium has a useful application in

lasing without inversion [15] and the dispersion property of probe field is also equally interesting
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as the steepness of the dispersion function [16] near resonance plays the key role for reduction of
group velocity of light pulse (slow light) in the medium and is directly related to the line width of
the EIT resonance [17]. EIT can be used as an enhancing non linear optical process including
non linear frequency conversion [18]. In addition, EIT can be used in squeezed-light generation
[19] and low-light-level photon switching [20]. A very narrow EIT resonances, which is an order
of Hz is observed in cell with buffer gas atoms [21] and antirelaxation coating cells [22]. These
narrow EIT resonances are used in sensitive magnetometer [23], precision spectroscopy [24 ] and
frequency standards [25]. It is impossible to mention all of the hundreds of papers devoted to the
study regarding the EIT and its possible applications. More information about EIT can be found
in the review articles on EIT [26, 27] and references therein.

1.2 Motivation:

Narrow EIT resonances are being used as the basis for making very sensitive
measurements, like sensitive magnetometers [23], precession spectroscopy [24], frequency
standards [25], and also in metrology field. Hence the study and identification of various
mechanisms that lead to broadening of EIT resonance has attracted considerable attention in
recent years. Many broadening mechanisms contribute to the width of the EIT resonance such as,
i) time of flight broadening (atoms with a non-zero velocity perpendicular to the direction of
propagation of the pump and probe beams will traverse the pump and probe beams in a finite
time). i1) Residual Doppler broadening owing to either wave vector mismatch of pump-probe and
iii) finite angular separation between the pump-probe beams and power broadening by coupling
field intensity [28] etc.. However, no or minimal residual Doppler broadening is observed in EIT
experiments performed with the addition of a buffer gas in vapor cells [21, 29]. The measured
EIT (or CPT) resonance line widths in these experiments are found to be much narrower, about
two orders of magnitude lower than the expected residual Doppler widths. Experimentally very
low group velocities and large group delays, via EIT in vapor cells containing buffer gas have
also been observed [30]. The existing theoretical treatments of EIT and slow light however do
not properly account for various broadening mechanisms mentioned above. It would be of
interest and importance to develop a more general treatment of EIT and ultraslow light
propagation and related nonlinear optical phenomena including various broadening mechanisms

and effects of buffer gas.
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Our aim here is to develop a general theory of electromagnetically induced
transparency (EIT) and examine various associated phenomena such as slow group velocity,
nonlinear generation etc. in inhomogeneously broadened multilevel systems of various types.
Different schemes such as ladder system (E), V-system (V), and lambda system (A) will be
considered for the study of the EIT and other associated phenomena. In gaseous media (such as
atomic vapors) comprising the abovementioned multilevel systems, Doppler broadening of
various transitions - one photon, two-photon can occur. Collisional effects of a buffer gas (with
vapor atoms) such as velocity changing collisions, dephasing collisions and collisional shift of
the ground state and optical resonances will also be taken into account. It is expected that
velocity changing collisions would cause significant narrowing of EIT line widths which could
lead to many interesting and significant effects such as complete transparency and ultraslow light
generation at relatively low coupling field intensities and vapor densities. Simultaneously, a four
wave mixing (FWM) scheme in a double lambda system using EIT technique will also be
studied.

1.3 EIT: Broadening effect

The term broadening is used to denote the finite spectral width of the resonance of
atomic system to electromagnetic fields. Broadening can be classified as two categories 1)
homogeneous broadening and 2) inhomogeneous broadening. The cause of homogeneous
broadening in EIT is due to spontaneous transitions or nonradiative transitions, broadening due
to the interaction with an electromagnetic field (power broadening), phase perturbing (elastic)
collisions, laser line widths etc. Physically this would correspond to experiments carried out in
either a ‘cold” atomic sample (Bose Einstein condensate, optical trap) or in an atomic beam. An
Inhomogeneous broadening occurring in EIT resonance is due to Doppler shift of atomic
resonance (Doppler broadening) caused by thermal motion of atoms in a gas medium or impurity
ions in a host crystal. For example, if an experiment is carried out in a gas cell, we must also
include the effects of Doppler broadening as we would expect that Doppler broadened line shape
is much broader than that of the homogeneous line shape. Particularly Doppler broadening
affects both EIT resonance and its width in lambda (A) and ladder (E) schemes, but EIT can still
be observed in these schemes however, it requires a larger coupling field Rabi frequency as

compared to cold atomic ensembles.
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1.4 Formulation:

To study EIT effect it is necessary to understand how coherent fields interact with an atomic
system. We followed a semi classical approximation (where electromagnetic fields are treated
classically and atom is a quantum object) through which density matrix analysis is considered.
This allows us to examine the population of atomic levels and coherence established between
levels. The atomic susceptibility is directly related to coherence established between the levels,

and thus absorption and dispersion properties are estimated.
a) Interaction Hamilton:
The Hamiltonian in the atom-field interaction can be defined as
H=H,+V (1.1)

Where Hy is the unperturbed Hamiltonian and V is an interaction term comprised of the electric
dipole interactions induced within the atom due to the applied electric field. Thus we can write H

as

H = H, — Fj -E (1.2)

Where E is the electric field

E = Y.& exp [i(K, - T — 0,t)] (1.3)

and ﬁi].is the electric dipole matrix element.

iy = Tyl i 1G] (i#) (1.4)

The Hamiltonian V in the interaction representation is given by

yint = e(%)HOt(—ﬁi]. -E)e‘@ﬂot (1.5)
b) Density matrix equations of motion:

The time evolution of the density matrix of the system in the interaction representation is
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p=(3) [pv"] (1.6)
The equation of motion of ij™ element of the density matrix is

;= () Lillo vo]l3)]

by = (3) [{iloV™c]i) = (i[vi=sp)] (1.7)

Inserting between p and V'™, and V'™ and p, an orthonormal set of states |m) that obey the

completeness property Y.,,Im){(m| =1

We get from Eq.(1.7)

pij = (%) Zm {pimvlgljt - Viir{rlltpmj} (188.)
Where Vit = (m|Vint|n) and py = (ilplj) (1.8b)

A generalized equation of motion, including the relaxation process (p;j)reiax SUCh as

spontaneous decays (y;i,j = 1-3), radiative decay of half diagonal elements(y;j i # j), line width of
probe (vp) and pump lasers (yc), etc are incorporated in right hand side of Eq(1.8a). described is

as follows
pii - (%) Ym {pimvli‘ﬂnjt - Viir?ltpmj} + (pi]')relax (1.9)

Doppler shift of atomic resonance due to thermal motion of atoms in the medium gives rise to
inhomogeneous broadening. To incorporate atomic motion, the derivative p;; on the left-hand

side of EQ.(1.9) can be replaced by the following equation as
. a - =
by = [ +9.9}p, (1.10)

The response of the atom moving with velocity v and relaxation effects with buffer gas collisions

terms is illustrated by a density matrix equation can now be written as

GeH 7 9) py = = (5) B {Pim Vit = Vimpg} + (0 reta (1.11)
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1.5 Buffer gas collisions effect

In vapors cells atoms are not confined in the interaction region and they are moving in and out of
the interaction region. While atoms which are moving out of the interaction region most likely
collide with the cell wall, and its quantum state created during the interaction with the laser fields
is destroyed. To amend the situation, and prolong the atoms-field interaction time two methods
are used i) anti-relaxation wall coating inside the cell, these coatings usually consist of paraffin
waxes or silanes with long carbohydrate chains and ii) Addition of buffer gas to the vapor cell,
like inert (He and Ne) or diatomic (N) gases. Buffer gas is able to prohibit atoms from diffusing
rapidly out of the interaction zone by velocity changing collisions, as a result atoms spend a
much longer time inside the interaction region, so that the quantum state is still preserved.
Collisions with buffer gas atoms can cause dephasing as well result in changes in the velocity of
a vapor atom. The effect of such collisions can be incorporated in the density-matrix formalism

by including a term [31]
(pi]_)con = —'th(l - 81])p1] - Fl]plj + le] (V, g V)pij (V', t)d3V’ (112)

Here yph is the rate of collision-induced dephasing of optical coherences and I'jj is some average
rate of change in velocity v. For simplicity ['jj is assumed to be independent of v and related to

the collisional kernel W;;(v' — v) by

Fi]‘ = le] (V - V')d3V’ (113)

The collision kernel in general is assumed to be of the form
W, (v' = v) = Wy (v — av') (1.14)

Where a is a constant, (1 >a > 0 ). Physically the second term in Eq. (1.12) is the “out term”
representing collisional shift of atoms with a velocity v to other velocity subclasses at some rate
I'jj and the third term is the “in term” arising due to the collisional shift of atoms from other
velocity subclasses into velocity subclass v. In this thesis we however restrict our discussion to
the case of most prevalent and experimentally relevant strong collision model in which collisions
result in rapid thermalization of the velocity distribution of the system. The collision kernel of
Eq(1.14) is assumed to be independent of the initial velocity and of the form
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lima_m Wl] (V, d V) = FIJM(V) (115)

3
Where M(v) = (y/In2/(nv2)) exp (—In2 ;—Z) is the Maxwell velocity distribution of atoms

with v = VIn2 vy, and vy, = /2kgT/m, is the most probable thermal velocity at a temperature
T of an atom of mass m, and substituting Eq(1.15) in Eq (1.12) yields as

(pij)coll = —’th(l - Sll)pl] - Fupl] + FIJM(V) f pl] (V’, t)d3V, (116)
1.6 Generalized density matrix equation:
The generalized density matrix equation can be written as using Eq(1.11) and (1.16) together as
(a +v: V) pij = - (%) Zm {pimvrlnnjt - Vilr%tpmj} + (pij)relax - th(l - 8ij)pij - 1—‘ijpij

+I;M(v) J pi].(v', td3v' (1.17)

Eq (1.17) describes dynamic equation of motion with inclusion of relaxation process & buffer
gas collisions effect.
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Chapter 2

In this chapter we will study the phenomena of EIT and slow light in a three level ladder
or cascade (5) system. Early studies of EIT considered radiative (homogeneous or cold atomic
ensembles) broadening in three level systems. The phenomenon of EIT in a ladder system
including Doppler broadening (inhomogeous or hot atomic vapor) was investigated by J Gea-
Banacloche [1]. It is interesting to study by including two photon (residual)Doppler broadening
[despite , taking care of proper propagation geometry of pump and probe, the two photon
(residual) Doppler broadening is still observed in atomic vapor experiments] and buffer gas

collisions effect on EIT and slow light phenomena at lower intensities and vapor densities.

2.1 Introduction

As mentioned earlier EIT is a phenomenon wherein a resonant probe laser is transmitted
with highly reduced absorption through a medium coupled by another coherent pump (control)
laser. EIT in a Doppler broadened three level ladder or cascade (Z) system has been studied by
many authors [1-10] and is shown in Figure 2.1(i). In atomic vapors, particularly at low
densities, the availability of large mean-free path for thermal motion of atoms can lead to a
substantial Doppler broadening of one- and two-photon transitions. The two-photon Doppler
broadening can be reduced to a large extent with the use of counter propagating pump and probe

geometry as shown in Figure 2.1(ii).

3>

Q

T
Qp

1 |1>

(1) (ii)

Fig.2.1 (i) A three level ladder system with Rabi frequencies of probe ( £, ) and pump ( € )is
shown. (ii) Probe (black arrow) and pump (red arrow) counter propagating to each other,

to reduce two-photon Doppler broadening effect.

11
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But as the resonance frequencies of the upper and lower one-photon transitions differ
considerably in real atomic systems, there may still remain significant amount of residual
broadening on account of the wave-vector mismatch between the coupler and probe beams.
Gea-Banacloche et al. [1], Shepherd et al. [4], and Boon et al.[ 6] theoretically and
experimentally studied the role of two-photon residual broadening in EIT in ladder-type
inhomogeneously broadened media and identified ways to optimize the absorption reduction
effect for various regimes of coupler and probe wavelength (or wave-vector) mismatch. It was
found that the nature of EIT in a three-level ladder system depends critically on the sign of the
two photon residual Doppler width dk= (k, — kc) which, depending on the probe and pump
(control) field wave-vector mismatch, is either positive (k, > k) or negative (k, < kc) and is
markedly dissimilar in these two cases both are shown in Fig 2.2 and the situation can be realized

in sodium atom.

| 3> 4D,
| 3> 58172
k
Ke E ¢
| 2> 3p1s2 | 2> 3p1se
Ko
Ko
| 1> 3512 | 1> - 381/2
(i) (ii)

Fig.2.2 : Two different three level ladder systems of pump and probe laser fields with wave
vectors as k, and k. i) Shows positive case of wave vector mismatch (kp > kc) ii) is negative

case of wave vector mismatch (k, < k).

Although residual (two photon) Doppler broadening effect can be significant in experiments on
EIT in atomic vapors, its influence on slow light in ladder-type systems has been studied
theoretically. In addition it would also be of interest to investigate the effect of collisions on the
phenomenon of EIT in ladder systems as in many EIT (or coherent population trapping)
experiments done in a vapor cell containing an additional (buffer) gas, residual line broadening is
not observed [11].

We present a general theory of electromagnetically induced transparency (EIT) in an

inhomogeneously broadened ladder-system in which Doppler broadening of both one and two-
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photon transitions occurs. The theory is more general in the sense that it takes into account the
residual Doppler broadening of the two-photon coherence in different wavevector mismatch
regimes and also the collisional effects of an additional (buffer) gas in vapor cell. Both velocity
changing and dephasing aspects of collisions with atoms of the buffer gas are considered. The
calculations are based on a simple but often applicable collision model which facilitates
inclusion of effect of both the velocity changing collisions (VCC) and dephasing collisions on
level coherences. It is found that the velocity changing collisions in general cause narrowing of
EIT resonance line widths which in a particular wave vector mismatch regime can lead to large
transparency and slow light generation at relatively low coupling field intensities. The effect of
accompanying collisional dephasing is opposite. It tends to broaden the EIT resonance and

washout the transparency.

2.2 Formulation
We consider a typical three level ladder (cascade) system as shown Fig.2.1a. The

spontaneous emission rate from the upper level |3> to intermediate level |2> is Ss, and that from
level [2> to ground level |1> is S1. A coupling field E. = (¢, exp[i(k. - 7 — wt)] + c.c) of
frequency o wave vector k., and Rabi frequency Q, = (fi32 - €.)/h is driving the [2><[3>
transition and a weak probe field, E, = (¢, exp[i(k, - # — w,t)] + c.c) of frequency w, wave
vector Ep and Rabi frequency Q, = (i, - £,)/h is applied to the |1> «|2> transition. Here
fizoand [i,; are dipole moment of [3>«>[2> and |2> «»|1> transition respectively.

2.2 a) Interaction Hamiltonian:

Using Eq (1.5) the interaction Hamiltonian in the interaction picture and under rotating wave
approximation is given by
vint = —hQ expli(k, - 7 — Apt)] 12)1] — AQ, expli(k - 7 — At)] 13W2] + Hoc (2.1)

Where A,= (w, — wy1) and A.= (w, — w3, ) denote detuning of the probe and pump (control)

field frequencies from atomic resonance frequencies wz1 and ws, respectively and |i){j| =

(i,j = 1 — 3) are the atomic raising or lowering operators.

13
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2.2 b) Density matrix equation of motions:

The equations describing time evolution of the slowly varying components of the density-matrix
elements p;; can now be written using Eq(2.1),(1.8b) and (1.12) in (1,11) and appropriate

transformation to eliminate fast oscillating (exponential) terms as
/331(0, t) = _[i{(kp + kc) ' 5 - (Ap + Ac)} + V31 + Yp + Ye + th]ﬁ31(v: t) + chﬁZl(v: t)
—iQpP3,(0,t) = T313:(0,t) + [ W3, (v, 8) 3, (v, t)dPv’ (2.2a)

P32 (v, t) = —[i(EC U —Ap) + V32 + Ve + T3z +¥prlfs(v,t) +iQc(p33 — p22)

—iQp P32 (v, 1) (2.2b)

Par(v,8) = —[i(ky "V —Ap) + V21 +¥p + T2t + VprlP21 (0, 1) + iQcp31 (v, 1)

—iQy,(p22 — pP11) (2.2¢)

P33 = —S32p33(V, 1) +1QP23(v, 1) — iQP3, (v, t) — [33P33(v, 1)

+ [Was(v' = v) p3s (v, t)d3v’ (2.2d)
P22 = —S21P22(V,t) + S32033(V, 1) +iQ,p1,(V, t) — iQ P21 (V, 1) — 32055 (v, t)

+ [ W (v' = v) prp (v, )3 (2.2¢)
P11 = S21P22 (0, 1) + iQ, P21 (v, 1) — QP12 (v, ) — 11511 (v, 1)

+ [ Wi (v = v) oy (v, a3y (2.2f)

In this work we, however, restrict our discussion to the case of the most prevalent and
experimentally relevant strong collision model in which collisions result in rapid thermalization
of the velocity distribution of the system. In this case a single collision on average thermalizes

the velocity shift distribution regardless of the initial velocity, i.e., the collision kernel of Eqg.

(1.14) is assumed to be independent of the initial velocity and of the form

lim Wi;(v' = v) =T;;M(v) (2.3)
Where
M) = (vepVm) 3exp (— 0. 9/v3) (2.4)

is the Maxwellian velocity distribution and v,, = (ZkBT/mA)l/Z is the most probable thermal

velocity at a temperature T of an atom of mass ma. Using Egs (2.3) & (2.4) solve the set of
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density-matrix Eqgs (2.2a-f) in the usual limit of a weak probe and an arbitrarily strong pump
(control) fields using the following approach. Initially all the population is in the ground level
| 1> with a Maxwellian velocity distribution. We assume the probe to be sufficiently weak so as
not to induce any population transfer to upper levels. The zero order solutions obtained from Eqgs

(2.2a-f) in the absence of probe (i.e., puttingQ2,, = 0) is

piy = M(@) (2.5)
And the rest of other zeroth-order density matrix elements vanish. The relevant first-order (i.e.,
to leading order in probe amplitude) density-matrix equations are found as

PV, ) = ~{i(ky - B — Ap) + Va1 + Tax + ¥pn + ¥p)055 (0, £) + iQL55 (0, £) + iQ,p Y (v)

(2.6a)

FRw ) = —{i[(ky + ko) - B = (A, +Ac)] + Va1 + Doy + Vo + ¥e} 55 (0,6) + Q.55 (0, 1)

T3 M) [ YW, 0)d3 (2.6b)

Our aim is to determine the velocity averaged first-order one photon coherence I()

f ﬁg?(v)d%; the imaginary and the real parts of which describes probe absorption and
dispersion, respectively, in the three-level ladder system. We solve the above set of density-
matrix equations under steady state condition by setting the time derivative to zero on left hand

side of Eq (2.6) yields the velocity averaged first order coherence as

1 ~(1
12(1) = fp§1)d3v

2

A M(v)d3v Mw)d3v
f 31 M (V) Q|0 2Ty, [f (v) i
Az1451 + Q.| Az147; + Q|

-1

x [1 r fM(v) d3v +T J ARV 2.7)
J— v .
) As 1) Az (As1421 +19.1%)
Where
Agy = i|(Ky +Ke) B = (A, +A)| +¥a1 + Doy + Vo + Ve + % (2.8)
A21 = l[(kp - 1_7) - AP)] + Y21 + F21 + yph + yp (28b)
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2.2 ¢) Analytical Results:

We now consider the standard collinear geometry employed in most experiments in which the
pump (control) and probe fields are counter propagating along the z direction. In this case we
make the replacements Ep-ﬁ - k,v, and k. % - —k.v, in Eq (2.8) and henceforth for
brevity, denote v(= v,) as the velocity component along the z axis and also 6k = (kp — kc). Oof
particular interest here is the regime of large collisions in which the detunings, residual Doppler
width, etc. are very small compared to the Doppler width, i’e §kvey, [Qc|*A, < T3y L yp. Itis
then possible to derive analytic forms for velocity averaged one photon coherence and from it
expressions for the absorption coefficient and the group index in this regime of interest. In this

limit we can make in Eq. (2.8) an expansion of the term

1 1
Az1(v)  —i(Ay +A) + Y31+ Dar + ¥y + Ve + Vpn

i6kv

- (_i(Ap + Ac) + V31 + 51 +¥p + Ve +Vpn)
N (i6kv)?

(_i(Ap + Ac) +ys1 s+ Hre + th)z

X |1

+ o (2.9)

Substituting Eqg. (2.9) in Eq. (2.7) and retaining only the leading terms we ge

M(v)dv
2
Ly _ ifM(v)dv 1- e T,
Q A , kv )? Mv)dv
P 21 —L(Ap +A)+ Var H¥p Ve Vo + (Okven)® 21"2) + Q|2 f—glz)l
(2.10)

As all the parameters are assumed very small compared to the Doppler width, it is possible to

evaluate the integral in Eq. (2.10) in the standard Doppler limit as [ Z(”ig’ ~ *Y/—E Substituting i—ﬁ
21 D D

for the integral in Eq (2.10) real & imaginary parts of the velocity averaged first order coherence
under Doppler limit as
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2
T
D (A, + A <£>
21 | _ Yo 2.11
“\o, )~ (6kvep)? vr\o S
P 2 Ve L VT
(A, +A) + (731 R RE T i) bennil 2 VD>
Vr (Skvp)? Vr
Q 2 V7t th Q 2 V7t
12(1) \/E | cl Yo Y31 + Yp + Ve +th + T, + | cl Yo
D D

2
2 (6kvep)? VT
(A, +A.)" + <y31 v, Yt v +T§,1+ Q175

The susceptibility of the medium is related to the velocity averaged one-photon coherence as

follows:
|Mz1|2 1(1)
(1) _ 21
xP(w,) =N ZL (2.12)
p hoQ,

Where N is the atomic density of the vapor. The probe wave vector in the medium is given by
Wp
k(wp) = Tn(wp) (2.13)

Where n(wp) is the (complex) linear refractive index of the medium that is related (at low

atomic vapor densities) to the linear susceptibility as
n(wy) = [1+4mx®P(w,)]¥2 = [1 + 2nx P (w,)] = (1 + 27xre) + 27 xim (2.14)

Here x,. and y;, are real and imaginary parts, respectively, ofy (wp). Substituting Eq. (2.14)
in Eq. (2.13) and from Eq. (2.12) we obtain the probe intensity absorption coefficient [twice the

imaginary part of k,,] and dispersion coefficient as

(€Y
wp |.uZl|2 121
=— 4N —— ] = 2.1
a c T . m Q, (2.15)
(€]
Wy |I121|2 Iy,
=— |14+ 2nN———Re| = 2.16
B — |1+ 2N ——Re Q, (2.16)
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2.3 Estimation of probe absorption coefficient (a) and group index (ny):
Probe absorption coefficient (o) :

Using Eq (2.11b) and Eq(2.15) we obtained absorption coefficient (a) as

0,2 YT

T
Yp

2
(v)? 16 2 ﬁ}
14))

r
2 N 2
+ |Qc|2_
Yp

is the Doppler limit absorption coefficient in the absence of the pump

2
a=ap{l— ! (2.17)
(kvn)
2

3
2
(A, +A) + <y31 +¥p T Y+ Vpn T

Here a, = 4nN%g
(control) field, i.e., Q. = 0. We first consider the case in which (kp> K¢) or (Ap < A¢) so that the
sign of the residual Doppler width is positive. This situation can be realized, for example, in the
ladder-type 3S3,—3P1,—5S;; transition in sodium atom. Comparison of these transitions with
the three-level system of Figure 2.2(i) gives the level separation of wave length Ao = 5890 A°
and Az = 6154 A°, spontaneous emission rates: 2y, = Sy = 2n(10MHz) and 2ys; = Sz =
2n(0.4MHz). Additional contributions to the line widths arising from the line widths of probe
Yp[~2n(1MHz)] and pump yc[~2n(1MHz)] lasers [4] are also included in the numerical
calculations. Thus we take the effective homogeneous width of the two-photon and one-photon
coherences as y3; = ¥a1 + sy + ¥y + Ve + ¥pn and y3; = va1 + T21 + ¥, + ¥pn, respectively.
The one-photon Doppler (half) width at (half Maximum) for sodium D1 transition is typically yp
=21(1 GHz). For simplicity and without loss of generality we assume equal velocity-changing
rates, i.e., ['33=I"»1. On the other hand if we choose the case in which (kp < kc) or (A, > Ac) the
sign of residual Doppler width is negative and is shown in Figure 2.2(ii). We choose the
3S1,—3P1,—4Dgy, transition in sodium atoms, the levels separation of wavelengths are A,; =
5896 A° and A3, = 5683 A° with spontaneous emission rates: 2y»1 = Sp1 = 2n(10MHz) and 2ys, =
S3; = 2n(1.6MHz). The advantage of choosing the sodium-type atom is that in addition to the
other parameters, the residual Doppler width in either of the above two regimes is nearly the
same, i.e., (Skvy,/kvy,) = £0.04 where k = (k,, + k.)/2 and yp = kvg,.

Since a three-level ladder system is more general and can also be formally reduced to a
type configuration [1,4,6] in which dephasing of two-photon coherence is negligible, we choose

values for the dephasing parameter yp, ranging from zero to I's; in numerical calculations.
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Figure 2.3 displays the effect of collisions on probe absorption [calculated numerically using the

exact result Egs. (2.15)], plotted as a function of the probe detuning for various dephasing rates
vpn. It is clear that for lower dephasing rates, absorption at the line center is reduced considerably
compared with the no collision case in the regime where k, > k. and the EIT resonance exhibits
sub (residual) Doppler narrowing as the velocity-changing parameter I'3; increases beyond the
value of residual Doppler width. As the dephasing rate increases, the broadening of the EIT
resonance occurs and the line center transparency reduces somewhat but absorption is still lower
than that in the absence of collision in the regime where k, > k.. These results indicate that
velocity-changing collisions enhance EIT and cause narrowing of the resonance, whereas the

effect of the dephasing collisions is quite the reverse.

' 18]
a
5
C £ 12
o o
s 2
Q <
0
<
I VAR 0.0 e
-0.10 -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10
(A *+A) Iy, (A *+A) fy

Fig.2.3 Probe absorption (a/ 0.8300) as a function of the two photon detuning at a fixed pump
(control) field amplitude Qc /yp=0.1 and velocity-changing collisions rate I'31/yp=0.1 and for
various collisional dephasing rate ypn. The value of the residual Doppler broadening is (i)
kvi, /yp=+0.04 and (ii) kvi/yo = —0.04. Curves a are the absorption profiles in the absence
of buffer gas when 73:= ypn= 0, for which the origin and nature of EIT in the k, < k. regime
(kvin /yp = —0.04) are explained in many earlier works [1,4,6]. Curves b, dotted, dashed, and

solid lines, correspond to the dephasing rates, ypn= 0, I'31/ 10, I'31/2, and I3, respectively.

Figure 2.3 displays the effect of collisions on probe absorption [calculated numerically

using the exact result Eqgs. (2.15)], plotted as a function of the probe detuning for various
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dephasing rates ypn. It is clear that for lower dephasing rates, absorption at the line center is
reduced considerably compared with the no collision case in the regime where k, > k. and the
EIT resonance exhibits sub (residual) Doppler narrowing as the velocity-changing parameter I'3;
increases beyond the value of residual Doppler width. As the dephasing rate increases, the
broadening of the EIT resonance occurs and the line center transparency reduces somewhat but
absorption is still lower than that in the absence of collision in the regime where k, > k.. These
results indicate that velocity-changing collisions enhance EIT and cause narrowing of the

resonance, whereas the effect of the dephasing collisions is quite the reverse.

To understand this behavior and to elucidate the role of various narrowing or broadening
mechanisms in EIT, let us consider the Doppler limit expression for probe absorption coefficient
Eqg. (2.17). In the absence of the pump (control) field (©2.=0) the absorption profile, which
otherwise should be a Doppler broadened line shape, appears (in Doppler limit) as a constant o.
The pump (control) field intensity-dependent second term in Eq. (2.17) leads to the appearance
of a dip at the line center (Ap+A:=0) in the one-photon probe absorption profile (given by the
first term a,). The width of this dip is given by

(kp ~ kC)vah

T
Vii=Va+tVp+vetvpn +———————+ Q> —

(2.18)
I'34 Yp

That is, the EIT width is the sum of the homogeneous width y3; of the two-photon coherence,
laser line widths vyp, vy, collisional dephasing yp, residual Doppler width, and a power
broadening term dependent on the intensity (proportional to |Q.|?) of the pump (control) field.
Thus the width of the resonance will increase at higher pump (control) field intensities. The
absorption value at line center A, + A, = 0 is

<Y31 + )/p + Ye + )/ph + 21"31
— = . (2.19)

2
o ky — ko) v3 Jr
()/31 +Yp+yc+)/ph+%+ |Qc|2%

The above expressions show that the sign of the residual Doppler broadening does not matter in

the limit of large velocity-changing collisions. It is also apparent from the above results that the
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residual Doppler width term is rendered negligible when (kp — kc)zvtzh/z « I'3; and now the

condition for reduced absorption at the line center is that

NG
Va1 + ¥V + Ve + Vpn K Ichzy— : (2.20)
D

Therefore for a particular value of Q¢ and depending on the value of the dephasing parameter yph,
absorption at the line center can be considerably lower in the presence of buffer gas as compared
to that in the absence of a buffer gas. Under these conditions the width of the EIT resonance
(transparency dip) as given by Eq. (2.18) is also nearly independent of the residual Doppler
width and, hence, is much narrower for small dephasing rates. Further it is evident from Egs.
(2.18) and (2.19) that the transparency at the line center decreases and the broadening of EIT

resonance occurs as the collisional dephasing of two-photon coherence vy, increases.

1.0,

Absorption
Absorption

0.0 .
0.0 0.2 0.4

Fig.2.4 Peak absorption (a/ 0.83a0) at two-photon resonance [4,=4.= 0] as a function of the
pump (control) field amplitude Q. /yp for (i) kvi, /yp = + 0.04 and (ii) kv, /o = — 0.04.
Curves a are the results in the absence of buffer gas. Curves b, dotted, dashed, and solid
lines, correspond fo the dephasing rates, yon=0, '/ 10, I'31/2, and I3 respectively. The

velocity-changing collision parameter 773:1/yp=0.1.
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In this case the condition given by Eq. (2.20) reveals that for large collisional dephasing,
higher probe pump intensities are required for achieving complete transparency at the line center.
This behavior is shown in Fig.2.4 where the peak absorption value at two-photon resonance as a
function of pump (control) field amplitudes is plotted for various collisional dephasing rates. In
the regime, k, > K¢, we observe that compared to the no collisions case, the reduction in peak
(line center) absorption occurs at much lower pump (control) field amplitudes in the presence of
velocity-changing collisions and for low dephasing. In contrast, in the other regime where k;, < k¢
peak (line center) absorption is very small for much lower pump (control) field amplitudes than

those in the presence of collisions.
Group index (ng):

The real part of 1(1) / Q] is related to the dispersion coefficient (B) (real part of the
probe wave vector in the medium) is given by Eq (2.16). The group velocity of the probe field in
the medium is given by

c
n+ wy (dn/dw,)

v, = [dk(w,)/dw,] ™" (2.21)

When both pump and probe are on resonance (A, = A, = 0) the probe absorption is extremum
so that [d[(’ma21 )]/dwp = 0 and further under EIT conditionsn « a)p( ) , the group

velocity of probe is

v, = =, (2.22)

where ng is the group index. Thus in addition to absorption characteristics, dispersion spectrum
is also of importance since ng is directly proportional to the derivative (slope) of the dispersion
curve. A very steep dispersion profile would result in a high value for ny which means a very low
group velocity. From Eq.(2.11a) and (2.22) the group index at exact two photon detuning
A, + A = 0 is found as
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[oNER R
_ Cao VD
n, = . (2.23)

g 2 2
Skv,p)? N
{Y31 + Tp +v.+ Yon + ( 21“;}11_) + |Qc|2y_}

Figure 2.5 shows the group index ng calculated numerically [using Egs. (2.3i)] as a
function of the pump (control) field amplitude Q. for various values of the dephasing rate ypn.
Once again we find that the case when k; > k., the peak (maximum) group index value occurs at
lower pump (control) field amplitude values in the presence of velocity-changing collisions and
for low dephasing rates. In the other regime where k, < kc group index values, however, are
much higher at still lower pump (control) field amplitudes than those for the case when collisions
are present. In the latter regime the group velocity vy(=c/ng) obtained is slower by more than 3
orders of magnitude at pump (control) field intensities (proportional to |Q.|? ) that are lower by

more than 1 order of magnitude compared with those in the case when collisions are present.

4004 (i)

7501 (ii)

6001
3001
450-
200- n,
n 300
g
oo [/ 1501
0.0 0.2 0.4 0.0 .
QC /YD QC /’YD

Fig.2.5 Group index ng as a function of the pump (control) field amplitude (Q/yp) for (i) kvi/yp
= +0.04 and (ii) kvi, /yp= —0.04. Curves a are the results in the absence of buffer gas.
Curves b, dotted, dashed, and solid lines, correspond to the dephasing rates, ypn=0, 131/ 10,
I'31/2, and I3, respectively. The velocity-changing collision parameter is I'31/yp=0.1. The

vapor density is N=2x(10"?) atoms/cm®.
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2.4 Summary and Conclusions:

We have studied the effect of residual Doppler broadening and velocity-changing and
dephasing collisions on electromagnetically induced transparency and slow light propagation in a
vapor. A strong collision model is considered for velocity-changing collisions. Earlier studies
have shown that residual Doppler broadening affects both linewidth and the absorption dip of the
EIT resonance in a markedly dissimilar way depending on the wave-vector mismatch regime.
Velocity-changing collisions eliminate this asymmetric behavior of EIT associated with the sign
of the residual Doppler width in both regimes of wave-vector mismatch. Though in this work we
have only considered collinear propagation of pump (control) and probe light, the theory is as
well applicable to noncollinear geometry situations in hot vapors in which the probe light can
propagate in an arbitrary direction with respect to the pump (control) light wave vector [7],

giving rise to a residual Doppler width of the order of a few megahertz.
Probe wave vector greater than coupler wave vector ( kp > k):

At low dephasing collisions rates and at higher velocity-changing collision rates, the EIT
resonance exhibits narrowing and absorption at the line center decreases. The width yI, of the
EIT resonance narrows considerably and, for velocity-changing collision rates very large relative
to the residual Doppler width, is limited by power broadening. Moreover velocity-changing
collisions also affect the dispersion properties of the system. In the regime (kp > kc) the
narrowing and steepening of the dispersion curves in the presence of velocity-changing collisions
leads to the enhancement of the group index ny due to which the reduction in the group velocity
occurs at much lower pump (control) field intensities. At higher dephasing collisions rates
absorption increases at line center & the group index is also decreases. To nullify dephasing
collisions effect on absorption higher coupling fields are required.

Probe wave vector lesser than coupler wave vector ( kp < k):

In this case however in the absence of buffer gas absorption is still lower as compared to
the regime kp > kc with lower dephasing collision rates. The nature of absorption profile has
been explained by earlier workers [1, 4, 6]. The peak (line center) absorption is very small for
much lower pump (control) field amplitudes than those in the presence of collisions. The group

index values are much higher and the slowing of group velocity vg(=c/ng) by more than 3 orders
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of magnitude is predicted at lower values of pump (control) field intensities (proportional to

|Q.|?)compared with those in the case when collisions are present.

In conclusion we have studied EIT in a Doppler broadened ladder system in which
buffer gas velocity changing and dephasing collisions are considered. It is found that the
velocity-changing collisions in general cause narrowing of EIT resonance linewidths which, in a
particular wave-vector mismatch regime, can lead to large transparency and slow light
generation at relatively low pump (control) field intensities. Large collisional dephasing of two-
photon coherence in a ladder system, however, tends to mask these effects and higher pump
(control) field amplitudes are required for observation of EIT. Therefore an addition of buffer
gas will broaden the EIT resonance and increase the width of the resonance at high pressure in a

Doppler broadened ladder system.
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Chapter 3

In this chapter we consider a typical three level lambda (4) system. The probe is applied
on the transition connecting the ground level| 1> and excited state|3> whereas pump is
connects the state |2> and |3>. In a lambda system the two fields (probe and pump) share a
common excited Statel 3>. The two lower levels | 1> and | 2> usually are sublevels (hyperfine
or Zeeman states) of a ground state and thus are not connected by dipole transition. Hence
dephasing between these two lower levels is mainly due to spin exchange self-collisions and is of
the order of a few Hz to 1KHz. The buffer gas collisional dephasing between these ground levels
is found to be negligible. On the other hand in the ladder system, dephasing rate is typically
larger than lambda (A1) system due to the spontaneous decay of level |3>, otherwise, lambda (A1)
and ladder systems are similar to one another. In chapter 2 we studied the effect of a buffer gas
on the phenomenon of EIT in an inhomogeneously (Doppler) broadened ladder system and it
was found that the buffer gas velocity changing collisions caused narrowing of EIT resonances
whereas buffer gas dephasing collisions broadened EIT resonances. In this chapter we study the
effect of buffer gas collisions on EIT and associated slow light propagation in a Doppler
broadened medium comprising three-level lambda (A) systems. In addition to the Doppler shifts
caused by longitudinal motion of atoms along the direction of propagation of (probe and pump)
fields we also take into account the time of flight (or transit time) broadening effects arising from
the transverse motion of atoms across the finite intensity spread of the probe (and pump) field. A
theoretical formulation is developed through which the narrowing of EIT resonance and its

width can be explained in lambda systems.

3.1 Introduction:

Electromagnetically induced transparency (EIT) [1] describes transparency (nonabsorption) of a
weak optical (probe) field at a resonant transition in three level medium due to interference effect
induced by a relatively strong (pump) field applied at an adjacent transition. The dispersion
property of probe field is equally interesting as the steepness of the dispersion function near
resonance plays the key role for reduction of group velocity of light pulse [2,3,4] and is directly
related to the linewidth of the EIT resonance [5]. Hence study and identification of various

mechanisms that lead to broadening of EIT resonance has attracted considerable attention in
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recent years. The width of the EIT resonance depends upon the decay rate of the two photon
coherence created between of a ground-state doublet coupled to a common excited state by two
coherent light fields in a A type three-level atomic system. Several other broadening mechanisms
may also contribute to the width of the EIT resonance such as residual Doppler broadening
owing to either wave vector mismatch between the pump and the probe beams due to large
frequency separation between the ground state doublet [6] or finite angular separation between
the pump and the probe beams [7] and power broadening by pump field intensity. For probe and
pump beams of finite size, the EIT spectrum is also subjected to transit time (or time of flight)
broadening [8]. Ye and Zibrov [9] and Carvalho et. al. [10] studied linewidth dependence on
angular separation between the pump and probe beams and estimated a residual Doppler
broadening of a few MHz of EIT resonance in Cs vapor. However, no or minimal residual
Doppler broadening was observed in experiments performed with the addition of a buffer gas in
vapor cells. The measured EIT (or CPT) resonance linewidths in these experiments were found
to be much narrower, about two orders of magnitude lower than the expected residual Doppler
widths. Akulshin et. al. [11] for instance, measured a narrow full width at half maximum of 70
kHz in ®’Rb vapor as against an expected residual Doppler width of about 600 kHz arising from
1 mradian angular deviation between pump and probe lasers. Brandt et. al. [6] studied effects of
buffer gas on residual Doppler broadening of Cs ground states with a hyperfine splitting of 9.2
GHz and found linewidth reductions by three orders of magnitude to values below 50 Hz. In
Ref. [12] a numerical model was used to calculate the CPT line shape, introducing discrete
velocity groups, and indeed demonstrating the expected narrowing. Firstenberg et. al. [13]
derived an analytic expression that demonstrated both Doppler broadening and collisions-
induced Dicke type narrowing of the line shape of CPT resonances. Shuker et. al. [14] recently
have studied experimentally the properties of EIT resonances as a function of the angular
deviation between the pump and the probe fields. Their measurements show that, in a buffer-gas
cell, Doppler broadening due to the angular deviation is strongly suppressed, and moreover it
depends quadratically on the angle as opposed to the linear dependence for regular Doppler
broadening. Comparison of the results with the analytic theory of Ref. [13], for Dicke-like
narrowing in EIT showed a very good quantitative agreement between the measurements and the
theoretical model. The analytical results derived in Ref. [13] are valid only in the limit of very

weak pump field intensities that is much less compared to the product of homogeneous and
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collision widths of the ground state coherence. M. M. Kash. et. al. [3] experimentally observed
small group velocities and large group delays, via EIT in a cell containing Ne buffer gas and
8"Rb vapor of density 2x10' (atoms/cm®). For this case Kash et. al. demonstrated theoretically

that under their experimental conditions, a reduction of y,, upto 40 Hz allows the possibility of

reaching much lower group velocities, near 10 m/s. Their theoretical treatment of slow light
however ignores residual Doppler broadening of around 6 kHz arising from the frequency
separation between the ground state doublet. More recently Firstenberg et. al. [15] have also
presented a more general theory extending their previous low pump field results of Ref. [13] to
incorporate power broadening and finite size probe beam for collinear probe pump propagation.
Numerical results for EIT transmission spectra in low power broadening limit and collinear and
degenerate (equal) probe — pump wave vectors case were computed from the density matrix
elements in which velocity changing collisions were incorporated using essentially the strong
collision model. It is however desirable to have analytical expressions for a better understanding
of various processes such as the residual Doppler shifts, power broadening, buffer gas collisions
(velocity changing, dephasing collisions, resonance shift) affecting EIT and the associated slow
light characteristics. Moreover, as mentioned above, in most EIT experiments probe and pump
wave vectors are not equal (nondegenerate) due to large frequency separation between the
ground state doublet. Even for the degenerate case, angular deviation (or divergence) between
probe and pump is unavoidable in several potential applications of EIT which include slowing
and storing of images [16] solitons [17, 18] and strong confinement [19]. Hence it is also
important to include residual Doppler broadening occurring due to transit time broadening

nondegenerate wave vectors and angular deviation in the theory.

In this chapter we present a theoretical treatment of EIT and slow light in a Doppler
broadened lambda system in presence of a buffer gas. The theory is more general as it includes
transit time broadening, finite angular separation between the probe and pump and two photon
residual Doppler broadening occurring due to wave vector mismatch of pump and probe. Using
a strong collision model, the effects of velocity changing collisions with atoms of a buffer gas is
incorporated into density matrix formalism. Dephasing collisions and collisional shift of the
ground state and optical resonances are also taken into account [ 9, 12, 14]. A generalized
nonlinear envelope (NEE) describing propagation of an ultrashort probe pulse through a

resonance medium whose linear (complex) susceptibility (or refractive index) can be modified

29



Lambda System

(controlled) by an arbitrarily intense pump field, is derived. Various limiting forms of the NEE
are considered and contact with the exisiting theories is established. Analytical results are
obtained in the intermediate Doppler Dike and low pump field intensities limit. Comparison is
made with the existing theories. Using experimental parameters, we show analytically and
numerically that significant narrowing of EIT line widths caused by velocity changing collisions
can lead to complete transparency and ultraslow light generation at relatively low pump field

intensities and vapor densities.

|3>

|1>

Fig.3.1 The interaction scheme of a three level lambda system with a probe and a pump field of

Rabi frequency respectively, Qp and £2..
3.2 Formulation:

We consider typical A type three-level atomic system depicted in Fig. 1. The spontaneous
emission rates from the upper level |3> to lower (ground) levels |2> and |1> is S3; and Ss;
respectively. A coupler filed E. = & expli(k. - T — wct)] + c.c of frequency w. and wave
vector k. and Rabi frequency Q, = (jis, - £)/k drives [2>—|3> transition and a weak probe
field, E, = &, exp[i(k, - — wpt)] + c.c of frequency w, and wave vector k, and Rabi
frequency Q, = (i3, - §,)/h is applied to the |1> (3> transition. Here fi3, and [,
respectively, are dipole moments of the [2>«>|3> and |1> «>|3> transitions. The probe and the
coupler fields may in general be non-collinear with a very small angular separation 6 between

them.

30



Lambda System

3.2 a) Interaction Hamiltonian:

The interaction picture Hamiltonian V™ under near resonant conditions and rotating wave

approximation is

vint = —k[Q, expli(k, - £ + Apt)] [3X1] +Qc exp|i(k, - T + Act)] I3W2]] + H.C (3.1)
Where A, = (w31 — wp,) and A, = (w3, — ) denote detuning of the probe and control field

frequencies from atomic resonance frequencies ws;andws, respectively and |i){j| (i ,j =1- 3) are

the atomic raising or lowering operators.

3.2 b) Density matrix equation of motions:

To describe time evolution of the slowly varying components of the density matrix elements
pij(v,t)can be obtained, by using Eq (3.1), (1.8b), and (1.16) in Eq (1.11) and appropriate

transformations to eliminate fast oscillating (exponential) terms as
P31(v,t) = _[i(Ap + Ep V) +y+ th]l~)31(V- t) —iQp(p33 — p11) + QP21 (V.0 (3.29)
Bas (v, ) = —[—i(Ac + Ke V) + Y + Ypu|P2s (V. ©) + iQc(psz — p2z) — iQpPor (V) (3.2b)
B (v, 0) = —[=i87 + i((Kp — Ko) * V) + Y2121 (V. ©) + iQcP31 (v.t) — iQp 3 (v. 1)
—D1P21 (V. ) + [ Wy (v = V)P (v. )V (3.20)
P33(v,t) = —[S31 + S321p33(v.t) +1Qp (P13 — P31) +iQc(P23 — P32)
—T33p33(v.1) + [ W33(v' = v)p53 (v, )d*v'  (3.2d)
P22(V, 1) = S32p33(v. 1) +1Qc(P3z2 — P23)—T22022 (V. 1) + [ Wy (v = V)ppp (v, )3V (3.2€)

P11(V, ) = S31p33(v.t) +ip(P31 — P13)—T11p11 (V. ) + [ Wy, (v = v)py; (v, A3V (3.2f)

Here 8t = A. — A, denotes two photon detuning of the probe and pump fields. In addition,
collisions also shift the optical resonance towards lower frequency [9, 13, 14] which can be
incorporated by replacing probe detuning A, by A, (= A, + 6,,) and pump field detuning A. by
Ac(= Ac + 8.) in Eq.(3.2) where &, (8.) is collisional shift of the one-photon optical transition.
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In most studies of EIT in vapor cell containing a few Torr of buffer gas , the one photon (optical)
coherence p,;(v.t) and ps, (v. t)are predominantly Doppler broadened and for optical transitions
the collisional dephasing is very large compared with the velocity changing collisions effects.
We can thus ignore the effect of velocity changing collisions on one-photon coherence in

E.q(3.2a) and (3.2b). Furthermore we have ignored collisional dephasing y,, on two photon

coherence p,; (v.t) in E.q(3.2c), as for a closely spaced ground levels or for levels belonging to
the same electronic manifold, the interaction potential experienced is similar and collisional
dephasing effects are negligible. In strong collision mode, collisions, result in rapid
thermalization of the velocity distribution of the system regardless of the initial velocity i’e., the

collision kernel of Eq.(1.14) is assumed to be independent of initial velocity and of the form

Lta—>0 Wl] (V’ - V) = FIJM(V) (333.)
Where M(v) = M(v,)M(vy)M(V;) (3.3b)
and
v2
M(v;) = [In2/(nv?)]*/2 exp (—an ‘_,—12> J=xy,z, (3.30)
is the Maxwellian velocity distribution of atoms with v = vIn2vy, and vy, = (ZI:BT)l/2 is the
A

most probable thermal velocity at a temperature T of an atom of mass m,. Our aim is to calculate
the velocity averaged slowly varying component of the first order one-photon coherence
Ry; = [ p3,(v)dv' in steady-state, the imaginary and real parts of which describes probe
absorption and dispersion respectively in the three level A system. For this purpose we consider
the standard weak probe case in which one makes perturbation expansion of the density matrix
elements as p;;(v) as follows:

Pij = P (v, ) + AP (v, ) (3.4)
where A, is a perturbation parameter proportional to the probe amplitude Q,. The zero order
solutions (in probe amplitude Q) 5?]- (v) are valid to all orders in pump field amplitude Q. and
the first order solutions f)ilj are valid to all orders in Q. and up to first order in (weak ) probe field

amplitude €,. The zeoth order solution are obtained under the assumption that the probe is so
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weak as not to cause any population transfer to other levels i.e., from Eq (3.2) we get the zeroth

order solution as
PR (v, t) = M(v) , (3.5)

and all other zero order matrix elements vanish. Using Eq (3.5) and from Eq.(3.2) the relevant

density matrix elements equations for first order matrix elements are found as:

53, (v,0) = —[i(AK - ¥ = 87) + (Y21 + T)]pkh (v, ) + i3, (v, ) + Ty M(v) [ 34 (v, A3V,
(3.6a)

P31 (v, 1) = —[(ikpvy + Ap) + v + vpn 3 (v, © + IQ,M(V) +iQ:p3, (v, 1) . (3.6b)

Here 81 (= 6t + 8¢ ) where & is collisional shift of the two-photon transition and 61 = A, — A,
denotes two-photon detuning of the probe and pump fields. Eq(3.3a) is used in Eq.(3.6a). The
term Ak -V = (k, —k.) -V appearing in Eq.(3.6a) contains in general, the residual Doppler
broadening arising due to both probe and pump wave vector mismatch (non-degenerate case)

and finite angular separation between the probe and probe.

The above density matrix equations for slowly varying atomic variables are written in
plane-wave approximation for the probe and coupler fields. The plane-wave approximation is
valid and is utilized in most studies of EIT and slow light conducted using well collimated and
sufficiently large probe beam diameter. For if laser beam diameters are sufficiently large [9]
transit time broadening effects arising from finite beam width in the transverse plane can be
ignored. Egs.(3.6a) and (3.6b) can be further generalized to the case of a non-planar (finite size)
probe beam by replacing Q, with a space-time dependent probe amplitude Q, (7,t) .
Consequently including space dependence in the slowly varying quantities p3, (%, t, v) and
p3, (%, t, v) introducing the Fourier transformation of a function as

* d3q - - (®dw
= — iq, T —iot g3
f(r,t,v) RCE e f_oo o e f(q,w,t) , (3.7)

and using Eq.(1.10) and (3.8) in Egs.(3.6a) and (3.6b) we get
[i(ﬁl V- w)+ i(AK "V — ‘SIT) + Y21]5%1(a; w,Vv) = iﬂcﬁél(ﬁ, w, V)—F215%1(a: w,V)

+F21M(V) f 5%1(61 w, V) d3vl ' (38&)
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[i(§, V-—w) + i(Aio + kpvz) +v+ yph]ﬁél(ﬁ’, w,v) = iQ,(q, w)M(V) +iQ:p3, (G w,v) .
(3.8h)

Solving Egs. (3.8a) and (3.8b) we obtain the velocity averaged, solution for the first order

coherence in the strong collision model as

RS, (G, ) = f 5%, G, @, v)dy

0. )f‘” d3v M(V) [y51 — i(87 + ) +i(AK -V + G- V)]
=i LW —
P [Ys, — (8% + @) +i(Ak -V + G- V)][yt +i(8) — ©) + i(kpv, + G- V)] + [Qc/?

- iI‘Zl-Qplﬂclz

o0
Xf
-

d3v M(v)
[v5: — i(85 + w) +i(Ak -V + G- V)] [yt + (8] — @) +i(kpv, + G V)] + Q]2

” M(v)d®(v)
Xq1- me Py R —
—o [yh — (8% + ) +i(Ak -V + G- V)]

- -1
+ Ty |0 |2.f°° M(v)d3(v) [Ygl—i(8%+u))+i(Ak.7+a_v)] }
T e Iy — i+ @) +i(AK -V + G D]V (8 — @) +ikpv, + T T)] 4 1212

(3.9)

where yt =y + ¥p and vt = ¥21 + 1. The above analytic solution for strong collision model
is an exact result valid for arbitrary coupling field intensities, residual Doppler shifts due to wave
vector mismatch arising from: (i) the frequency difference between the coupler and probe beams
(ii) angular separation between the probe and coupling beams and (iii) finite width (transit time
or time of flight broadening) of probe beam. The usual result for the Doppler broadened case in
the absence of buffer gas can be obtained from Eq.(3.9) by setting I;; = 0 and neglecting all

collision induced optical dephasing and resonance shifts, as
Rgl(a, (1)) =

0. )J°° dBvMW)[vs, —i(6F + w) + i(AE V+q-V)]
=1 , W =
P vy — 18, + ) + 1(AR T+ V)| + 1(8) — @) + i(kpv, + G- 7)] + 1012

(3.10)
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- = -

For very large pump field amplitudes when |Q.|? >> AK -V, q - v, kv,, I',; the velocity changing

collisions effect , of course are not important. This can be seen by replacing [yg1 —i(61 + w) +

i(Ak -V + 4 9)|[y + 18, — w) +i(kyv, + G V)] + Q)% = 1Q.]? in Eq.(3.10).

The term Ak - v = (Ep — Ec) -V appearing in Eq.(3.9) contains in general, the residual
Doppler broadening arising due to both probe and pump wave vector mismatch (non-degenerate

case) and finite angular separation between the probe and probe. It can be evaluated in the
present case as follows: The probe field wave vector is directed along z direction, Ep V= Kkpv,
and the pump wave vector, for a small angular separation 0 from probe beam can be expressed as
ﬁc - V =KV, cos 0 + k.vy sin 6 = kv, + k.v40 such that k,v, > k,v,8. Thus we can write

for residual Doppler broadening
Ak-V = (Ky — ko) ¥ = (kp — ke )v, — kevy® (3.11)

The first term in Eq. (3.11) is the (longitudinal) residual Doppler shift due to wave vector
mismatch arising from the frequency difference between the pump and probe beams and is
significant for large ground level doublet separation. For instance, a ground state hyperfine
splitting frequency of 6.834 GHz in rubidium [14] or 9.2 GHz in cesium [ 6] gives rise to a
residual Doppler broadening ((wy,s/c)v/2m) of the order of 6 kHz — 9 kHz. The second term in
Eqg.(3.11) is the residual Doppler shift due to angular separation between the probe and pump
beams and for an angle 6 = 0.5 mrad gives rise to a residual Doppler broadening k,v,6/2m of
the order of 0.1MHz. For a beam diameter d (of probe or pump) and assuming (Ox~qy =) q =
2n/d , the transit time (or time of flight) broadening term g - v appearing in Eq.(3.9) can be

written as
qQv=(Q2n/d) v . (3.12)
3.2 ¢) Analytical Results:

To facilitate a clear understanding of the role of velocity changing collisions on various possible
broadening mechanisms arising from the thermal motion of atoms we will now derive an
analytical form for the velocity averaged, first order coherence R$, (q, ®) in the limiting cases of
Doppler-Dicke and low coupling field intensities. The regime is of interest in most studies of EIT

and CPT in vapor cell containing buffer gas, in the Doppler—Dicke (intermediate) regime, in
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which the one-photon Doppler width vy, = (k,v =~ k.V) exceeds all relevant frequencies (usual

one photon Doppler limit) and the velocity changing collisions rate I',; is large compared with

the residual Doppler width of the two photon transition (two photon Dicke limit)

Yo » Vpp [21 »> Ak v, GV, 7,,. (3.13)

Furthermore we restrict our analysis to low coupling field amplitudes such that
Q| < vp, T2y : (3.14)
In these limits we can make in Eqg. (3.9) an expansion of the term

1
[, —i(8r + ©) +i(Ak-V + G- V)]

N — 2
N 1 _i(Ak-V+G-V) (Ak-V+4-V) N
vy —iGrto)| v, —ir o) g —i(r+a)

, (3.15)

— 2
and retain only terms to leading orders in (Ak "V+(q- V) and |Q.|? in view of the conditions
specified by Egs.(3.13) and(3.14), assuming near two-photon resonance conditions and small

bandwidth of the probe pulse such that, I'y; = ygl > (ST + w) to obtain the expression

[ ]
(T o) = o (& K x| Q25K |
R31(q ) =1Qp(q, @)K X |1 - — —|, (3.16)
: AK-V+qG-V
—i(6T+m)+y21+IQC|2K+<( T 1 )>J
21
with
* M(v,)dv.
K:f (v,)dv, ToNE (3.17)
oyt +i(Ap — ©) +ikpv, +
21

Using Eq.(3.11) for AK-V the velocity averaging in Eq.(3.14)can be performed as follows:
((AE ‘V+q- 7)2) = f_woo dv,M(vy) f_woo dvyM(vy) f_oooo dv,M(v,) (AK -V + G - V)2

= ((AK-9)?) + (@ 92 + 2((Ak - ¥) @G - 7))
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= [(@2 +a2) + (kp — ko)’ + (ke0)? — 20, (kc0)] % . (3.18)

We have thus derived a simple analytical result which demonstrates explicitly the mechanism by
which the velocity changing collisions cause narrowing of EIT resonance by eliminating the
various broadening effects. Eq.(3.16) (along with Eqgs.(3.17) and (3.18)) is a general result as it
includes all possible broadening processes affecting the phenomenon of EIT in hot atomic
vapors, such as residual Doppler broadening (see Eqg.( 3.18)) due to wave vector mismatch
arising from: (i) the frequency difference between the pump and probe beams (ii) angular
separation between the probe and pump beams and (iii) transit time (or time of flight broadening)
due to finite width of the probe beam. In addition it also incorporates collisional depahsing and
resonance frequency shifts. Eq(3.16) is similar to the results of Firstenberg et. al., [15] derived
using diffusion like equations for the slowly varying atomic variables. Eq.(3.16) presented here
however is more general as it incorporates collisions and broadenings effects as mentioned

above.
3.2 d) One photon coherence: (Doppler limit):

We notice that under the conditions of one photon Doppler limit specified by Eq.(3.12) in which
the one photon Doppler width yp exceeds all relevant frequencies, the v, integral in Eq.(3.19a)

can be evaluated as

. _ — ¥ oV'HIQcl? /T2 +i(Ap-w) /vB] (3.19a)
w Y+ 1QI2/Th1 + I(Af) - “)) +tikpv,  Yp

K= f‘” M(v,)dv, N&L:

When the pump field is on resonance i.e., A, and since Y+ Q2 /Ty + i(A;) - oo)/yZD <1 we

can further approximate the term elY"+Qcl*/T21+1(Ap=w)/vB] py unity in Eq.(3.20). Therefore the
result for velocity averaged one photon coherence of the probe transition for the strong collision

model in the Doppler limit can be obtained by substituting

K ~ VT;IHZ ’ (3.19b)
D

in Eq.(3.16).
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3.3 Probe pulse propagation equation:

We now derive an envelope equation that describes propagation of a short probe pulse through a
resonant medium rendered transparent via EIT i.e., whose linear (complex) refractive index is
modified (controlled) by an arbitrarily intense coupling field. Our derivation of the envelope

equation starts with the three-dimensional wave equation for the probe field given by

1 - i
(V2 +03) — 08| By 1) = 5 07 G0 (3.20)
Here Vi= 0% + 0; with 9% = a% and 9, = ai where u =X, Yy, z, t. Assuming negligible

changes in the pulse envelope along z direction compared to those in the transverse plane we

express the field and polarization in terms of their Fourier transforms as

0 d3 . 0 d(,O )
f(¥y,zt) = (Z%e‘q'rf z—ne“‘”t f(q.,zt), (3.21)

the function f(¥, z, t) being either Ep or 1—531. Introducing these forms in Eq (3.20) we obtain

2
_? +0+ %R @ _ M5 @ 3.22
(—q1 + Z)+C2 p(dL,z0) = 2 SCIRAOE (3.22)

The induced polarization can be decomposed into linear, PL and PN contribution as

1_531(aJ_J Z, (D) = _15)31_‘1 (aJ_' Z, (D) + ﬁ.’leL (aJ_r Z, (D) . (323)

The probe field and linear component of polarization can be expressed in terms of the slowly

varying amplitudes €, (%, t) and ps; (F, t) as

Ep(ﬂ, z,t) = §p (f,z,t) exp[ikpz — icopt] +c.c., (3.24a)
}_3}1 (L, z o) =p3.(fz1t) exp[ikpz — ia)pt] +c.c, (3.24b)

Where wy is the carrier frequency of the probe pulse and  k,, = %" . Representation of the slowly

varying amplitude €,(¥,t) in terms of its spectral component is

ENCRAD)) =.f dzrle‘ialflf dt et &,(F,z,t) . (3.25)
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Consequently Ep (d,z o) and £,(q,z, ») are related by

E (4, z0) = f dzrle_iaiflf dt e[, (F, z, )% e7 1Pt + c.c.] (3.26a)
= &,(d.z 0 — o,)el?. (3.26b)
Similarly P (4., 2,0 — ©,) = Bs1(d,2 0 — o, )elv?, (3.27)

If we now express the nonlinear polarization component generated at some wave vector k,; and

frequency o, as,

PNL(F,2,t) = 931 (F1, 2, 1) exp|iky z — lopt] + c.c (3.28)
We then have the relation
PN (G 2,0) = f dzl‘le_iaﬁlf dt et [@(F,, 7, t)elkp? e71opt + c. (] (3.29a)

= E31(_C1)JJ Z,0— (Dp)elkpz (329b)
Inserting Eq (3.23) and the relations defined by Eq (3.26b) and (3.27) and (3.29b) in (3.22) we

obtain
2 2 : o’ 2|z (= n o
(—qi +07) + 2ik, 0, + o kg ap(ql, 7,0 — (op) =—3Z0 p31(ql,z,0) - mp)
- ngﬁm(al’ 7,0 — (op)e‘i(knl"kp)z . (3.30)
Using the usual relation between the linear polarization and linear susceptibility 5@
P31(1,20) = (P@L 0)8 @@L 2 0) . (3:31)
Eq.(3.30) reduces to the form

[—d3 + 02 + 2ik, 0, + k*(0) — k3]8,(qL 2 0 — o))

= - g 0‘)285)31(6J_’ Z,®— (Dp)e_i(knl_kp)z ’ (332)

where

K2(0) = S [1 + 41O (qL, 0 — )] (3.33)

c2
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We now expand k(w) defined by Eq.(3.33) in a power series about the carrier frequency w,as
k(w) = k(a)p) + (co — a)p)k1 +D (3.34)

1

Where k; = (=-k(@) =

is reciprocal of the group velocity V, and D=
0=0p Vg(wp) P 9 P y g(O)p)

‘;1°=2$(0) — op)"k, contains the high order group velocity dispersion terms, k;, =
(%k(m)) . We also note from Eq.(3.33) that the carrier wave vector in the medium is
(D=(Dp

given in terms of the linear susceptibility y® of the medium by
k(0p) = kK(©)amop = 21+ 41O (G 0~ ;) 17 ~2n (3.35)

wp ) = K(®)y=¢, = - (L, © — 0p womopl , .
where the complex refractive index n of the medium is defined as

1
n= [1 + 41‘cx(1) (qJ_,()) - (Dp)co=cop]2 =~ [1 + an(l)(al,m - mp)mzmp] . (336)
From Eq.(3.34) we obtain
k2(0) = k2(0p) + 2(0 — op)kik(op) + 2k(0,)D + 2(0 — 0,)k,D + (0 — 0,) k2 + D2 .
(3.37)

Moreover we can express the term w? occurring on the right of Eq.(3.34) as o® = (0 — o, +
wp)? = (0 — 0,)% + 20,(0 — ©,) + ©f . There after introducing Eq.(3.37) in Eq.(3.32) and
taking transform with respect to the frequency variable (co — (op) as defined by Eq (3.21) yields

in the time domain, the expression

[—q3 + 82 + 2ik, (9, + nk, 9,) + 2ik,D 8, + 2nk,D — k% 07 + 2k2(n — 1) + D[&,(q .,z ©)
41 —3 — i - —
= _C_Z(DI%e 1(kns kp)z(l + wLpat)ZSOm(QLZ» t) (3.38)

Where D represents differential operator D = Z;":z%(i )" = —%ag + -+ and Eq.(3.38) can

be converted to a retarded time frame, specified by the coordinates defined by t = t — k;v and
& =zso that 9, = 9 — k; d; and d; = d,. Using these transformations the envelope equation

Eq.(3.38) becomes
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[—q3 + 2ik,(9: + (n — 1k, ;) + 2nk,D + 2ik;D 9, + 2k3(n — Dp — 2k, 9: 9, + 07 +

D?[8,(4L, & 1) = —odeim—kplz(g 4 wLp 02541 (G.,51) . (3.39)

This can be rearranged in the form

1k k,
—q% +2k3(n — 1)[1 k_Zl_ (10! + 21k, (9 — D)1+ o 0,) + 02 + D2|2,(d.,5 0)

—Gope ()il + ﬁpar)zﬁgl(ﬁb z,t) . (3.40)

Ignoring higher order terms compared to the linear J; (1= 1) term in the series, dropping the very
small D? term and under slowly varying envelope approximation neglecting the higher order
space derivatives 6§ in Eq.(3.40) and using Eq.(3.36) we obtain the envelope equation as

k, |- . i o >
2k — 1+ 1—61) 2 +(0:—1D)|8,(qL, &) = 2mik V(4 0 — mp)wzmpsp [dL&D

+2mikpe i (km—ke)z(q 4 il‘:—;ar)-lu + Q—Lar)zzgl(al, 50 (3.41)

The above expression describes propagation of a short pulse in a resonant, Doppler broadened
nonlinear medium whose absorption and dispersion properties governed by (the imaginary and
real parts respectively of the refractive index n, are modified (controlled) by an arbitrarily intense
coupling field. The (complex) refractive index n of the resonant medium can be expressed,
through Eq.(3.36), in terms of the linear susceptibility that is related to the velocity averaged one

photon coherence R, by

2R31(q,, 0 — o)
n 1’ P/ y=
O, 0 0),, =N oo (3.42)

p
Where N is the atomic density of the vapor and Rgl(al,w — “)P)m—m is given by Eq (3.9) or its
-pP

limiting form of Eq (3.16) (along with Eq.(3.19b) and Eq.(3.18)). We note from Eq.(3.42) that in
a Doppler broadened vapor the linear susceptibility and thereby the linear refractive index in
general is a function of the transverse wave vector g, owing to thermal motion of atoms across
the finite size beams, which gives rise to time of flight broadening (see Eq.(3.12)). As is usually

done in literature by performing an inverse Fourier transform Eq.(3.42) is reverted to the space-
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time domain. This however may lead to a complicated form for the linear and (nonlinear)
susceptibilities due to q, dependence of the susceptibility. This we emphasize is the situation in
reality since most experiments involving EIT use very narrow diameter laser beams. In the
following section we show that by adding to the medium, a buffer gas which through velocity
changing collisions suppresses the transit time broadening, it is possible to eliminate the
transverse wave vector g, dependence from the susceptibility and thereby perform the inverse

Fourier transform analogous to a homogeneously broadened medium.
3.4 Results and discussion:

It is thus important to study the nature of the imaginary and real parts of the linear susceptibility
as these essentially determine the absorption and dispersion of the probe in the medium The
latter governs the group index and thereby the speed of the light in the medium. In this section
we will study in detail the effect of buffer gas collisions on the EIT resonance and slow light
propagation using experimental parameters for ®’Rb. Numerical results for EIT and slow light
propagation using the exact result Eq.(3.9) through (3.42) obtained for strong collision model
Eq.(3.3a) for large velocity changing collisions parameter (intermediate regime) will be
presented and discussed in light of analytical solutions derived in the Dicke-Doppler
intermediate regime in previous sections. The experimental parameters [3, 12, 24] chosen for
numerical calculations shown in the Figures below are given (in Table | ) for D1 transition of
8"Rb vapor with Ne as buffer gas at pressure p (Torr). The most probable thermal velocity of a
8Rb atom at temperature T is given by vy = 13.83 T¥?and T = 360 °K . The decoherence rate,
121 Of the two-photon coherence (between unlinked transition) does not depend on the buffer gas
pressure. It is mainly influenced by spin-exchanging self-collisions among the active-atom
(rubidium) and v,1/2w increases linearly as a function of the density N of rubidium vapor with a
slope of about 10™° Hz-cm®[25 ].

Table 1. Atomic and collisional parameters of Rb atom at pressure p ( Torr ) of Ne buffer gas

Yo1/2m [y 2m Ye/2m & /2n 8p /21 Aa1 Y31/21 = Y32 /21
(Hz) (MHz) | (MHz) (kHz) (MHz) (hm) (MHz)
10° 2p 54p 0.4p 3.7p 795 (D1) 3
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The probe wave vector in the medium given by (3.35) can be related through Eq (3.36) to the

real and imaginary parts respectively of the linear susceptibility x® (g, w — ‘*’P)w—w as
et

ko~ 2 [1 +2m( (G0 —op) ] +i22 2 (Lo —wp) _ 1=Pp+is . (3.43)

The probe intensity absorption coefficient a and the dispersion coefficient 8 using Eq.(3.43) and
Eq.(3.42) are evaluated as

op gl

= 2 4nN R | (R(S)(ql,oa op) p) , (3.44)
and
B=%+%2nN|“~°’hl| (R(S)(ql,m ®p)._. /Qp). (3.45)

The form of group velocity of the probe field in the medium is obtained

d 1 .
fromk, = (E k(oa))w:wp = Saon) and Eq.(3.43) is
dk(w,)] ™
Vg=[ d( Dl ™E : =— . (346)
@ wPZTrNu%[d ( RS (Gro—op) omop /P )] e

81=0
where ng is the group index. Thus in addition to absorption characteristics, dispersion spectrum
is also of importance since v, (ng ) is inversely (directly) proportional to derivative (slope) of
the dispersion curve. A very steep dispersion profile would result in a high value of ng which

means a very low group velocity.

We now present analytical results for EIT and slow light propagation using results obtained in
previous sections in the Dike-Doppler limit for strong collision model. Substituting Eq.(3.19b) in
Eq.(3.42) and from Eq.(3.43) we get the Doppler limit velocity averaged absorption coefficient o
for the probe intensity [25] as

— 2
Van2 AK-V+G, -V Van2.
|0, |2 YHnZ nin2 Iy _I_(( VTq, V) )+|Qc|2 nan]
L Lo o (347)
Qo /(2 (AK-V +3, -¥)) Valn2 ., |
(51)° + ryy + (T Dy o o
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— can be identified with the Doppler limit result for probe intensity
D

® 2 Yy In2
Here oy = 4nNT‘°—|“3hl| =

absorption coefficient for one photon transition in the absence of the control field, Q. =0.
Eq.(3.47) shows that pump field (Rabi frequency) dependent second term will give rise to an
interference dip in the probe absorption around the two photon resonance. Using the relation

I :2£|sc 1> 1077 (3/sec—cm?) [23] the halfwidth of this EIT resonance can be inferred, in
T

the Dicke-Doppler limit, from Eq.(3.47) as
w = — — 2
vy = y21+((Ak-V+ql-V) )/Tor +11¢ (3.48)
where the parameter
n/2n = 3|u,,| aInZ [y, ) x 1047 (Hz-cm? /mW ) . (3.49)

can be regarded as the slope of the EIT resonance linewidth as a function of the average pump
field intensity I (in mW/cm?) obtained for a Gaussian pump laser by dividing the total power P,
by the area A (= 1t d?/4 ) within the radius d/2.

Eq.(3.48) shows that the EIT resonance (half) linewidth 3} has contributions from the

homogeneous y,; and residual Doppler widths of the two photon coherence and power

broadening arising from the pump field average intensity I.. Consequently the EIT resonance
halfwidth y5;/2n increases linearly as a function of the pump laser intensity I with a slope of

n/2m (Hz-cm?’’mW). The value of halfwidth slope of 7.5 kHz-cm*mW obtained using
experimental parameters in Table | is within the range of experimentally observed values for D1
[3] and D2 transitions of ®’Rb vapor with Ne as buffer gas [12].

The value of the electromagnetically induced dip in the probe absorption profile at exact two

photon resonance (87 =0) is found from Eq.(3.47) to be

afog =1—mlc/vy, - (3.50)

It is clear from above results that the residual Doppler broadening arising due to thermal motion
of atoms affects the width and consequently the on-resonance value of the probe transparency
(absorption) dip. The effect of buffer gas collisions on the phenomenon of EIT now can be

elucidated as follows: EQs.(3.50) and (3.48) reveal that complete on (two-photon) resonance
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transparency (o = 0) is obtained as v}’ approaches the value of nI. which would occur when

the pump intensity is much large compared to the other broadening contributions i.e.,

- N R 2
nIC >> '\{21+((Ak'v+q_]_'V) )/F21' (351)

Since the residual Doppler width term in EQ.(3.48) is inversely proportional to the velocity

changing collision parameter I';; (in the Dicke-Doppler limit) it decreases with increasing I'2;.

Consequently the width y3; of the EIT resonance narrows considerably as I',; increases and at

N 2
sufficiently high buffer gas pressures when T'p; > ((Ak-V +d, -V) ), it tends to an almost

Doppler free value
Yo, = v, TN I, : (3.52)

As seen from Eq.( 3.51), under these circumstances the required intensity for nearly complete on
(two-photon) resonance transparency is also reduced significantly to a value given by the

condition
e >>vy,,/n. (3.53)

Substituting Eq.( 3.52) in (3.50) and under the condition stipulated by Eq.( 3.53) we find that the
value of the probe absorption dip at exact two-photon resonance is given simply by the

expression
oalag=yal(nl). (3.54)

Thus the pump intensity required for observation of EIT is much lower in systems possessing

intrinsically very small yy;.

Figure 2 (i) and (ii) show respectively the numerical results for probe absorption as a
function of the two photon detuning &5 and line center (6= 0) probe absorption values for
various velocity changing collision parameter I',; computed from Eq.( 3.44) along with Egs.(3.9)
and (3.11) with 6 = 0 and using parameters in Table I. It is observed from these Figs., in
accordance with analytical results presented above, that reduction of the residual Doppler width

with increasing I',; causes narrowing of EIT resonances and reduces absorption drastically so
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that very large transparency can be achieved at even very low pump field amplitudes such that,
Q)% « Ypl 21, @ condition assumed earlier in Eq.(3.15) for analytical calculations. These results
also reveal that collisional effects are optimum around 11 Torr of buffer pressure wherein

saturation sets in and thereafter a slight increase in absorption increases as the pressure increases.

1.0 - 1.0+ (i)
0.8 — 0.8
’\O \d
S 3
?5 -
- i C 0.6
- 0.6 S 0.6
o g
S 0.4 Q 0.4+ a
1) QO
o <
<
0.2 1 0.2 b
C
0.0 T T T T T l 0.0 T T T T T 1
-0.002 0.000 0.002 0.00 0.02 0.04 0.06
81‘ /yD QC/YD

Fig.2 (i) Shows probe absorption as function of two photon detuning (6;/y) ) at a fixed value of
pump field amplitude Q. /yp = 0.014. (ii) Peak absorption values at two photon ( §;/yp = 0)
resonance as function of pump field amplitude Q. /yp . Curve a is the absorption profile in
the absence of buffer gas (/21 = 0) whereas curves b and c are those in the presence of a
buffer gas corresponding respectively, to the velocity changing collision parameter I, =
0.008y, and 0.08 y,. The collisional dephasing collision rate is y, = 2.7/%; . The transit
time broadening for a 2 mm diameter probe beam is, q, v =2zxx 216 kHz and the

dephasing between the unlinked transition is, y,; = 2zx1000 Hz.

We now proceed to examine the role of velocity changing collisions on slow light

propagation in the medium. The real part of the susceptibility is obtained as
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2
10,2 Vin2 n
c o

(3.55)

2)

(s
R —R3Sl =3
0 = O ( . )2 Jang
p w=w r\N2 ( Ak ) V + a - v ) nan
’ (ST) + <721 + T, = + 1Q.|? —YD

The group velocity of a probe pulse with a carrier frequency w, propagating through a
resonant medium consisting of three level A type systems, can be evaluated using Egs.(3.46) and
(3.55) as
2 [721+((Ak-v+ql-V) )/F21+nlc] 2w

o, Nl o Ml

v , (3.56)

8

The above result indicates quadratic dependence of the group velocity of the probe pulse on the

EIT resonance linewidth. It is also clear that at sufficiently high buffer gas pressures when y3%;

attains an almost Doppler free value given by Eq.(3.52) and furthermore when I >> v, /np ,
Eq.(3.56) reduces to the form:

Ve =— I, (3.57)
which shows that the group velocity increases linearly with increase in pump intensity with a

slope 2n/a,. Further simplification of Eq.(3.56) leads to following form for the group velocity

_ 100 I (3.58)
= hon N (m/sec) . .

Vg

Therefore as discussed above, linewidth narrowing effects of velocity changing collision will
not only cause reduced absorption at lower pump intensities but also can result in much slower
group velocity in the medium. This effect is shown in Fig.3(i) and (ii) where the group velocity
vy calculated numerically from Eqgs.(3.46) along with Egs.(3.9), (3.11) and (3.12) (for D1
transition of 8’Rb atom) is plotted as a function of the pump Rabi frequency Q. in the absence of
buffer gas, I';; = 0 (see Fig. 3(i)) and in the presence of buffer gas, I';; = 0.08y, (Fig. 3(ii))

which corresponds a buffer gas pressure of 11 Torr. A pump beam diameter of 2 mm and two-
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photon decoherence rate y,1 = 27x1000 Hz (is chosen in order to facilitate comparison with a

few existing experimental results of Kash et. al. [3] and Mikhailov and coworkers [4].
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<2 Lz
E 3000 E 3001
> p >
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4 g 00
1000 \/ 100
0 T T T T T T T T T 1 0 z
000 002 004 006 008 0.10 0.00 ,
QC/YD QC/’YD

Fig.3 (i) and (ii): Group velocity vq (m/sec) as a function of the pump field Rabi frequency Qc/yp
at exact two photon (67/yp = 0) resonance. (i) Curve a shows the values of the group
velocity in the absence of buffer gas (/21 = 0). (ii) Curves b and ¢ are show the group
velocity values in the presence of a buffer gas and correspond respectively, to the velocity
changing collision parameter 7%; = 0.008y, and 0.08 y,. Dotted curves show the
numerically evaluated full expression Eq.(3.9) and Eq.(3.36) whereas the solid curves are
the numerical results obtained using analytical expression Eq.(3.55) and Eq.(3.46). A good
agreement is found between the exact and analytical results for higher value of 1% (=
0.08yp). The collisional dephasing rate is y, = 2.7/%1 . The transit time broadening for a 2
mm diameter probe beam is, q, - ¥ =2z x 216 kHz and the dephasing between the unlinked

transition is, y21 = 2z x1000 Hz.

Kash et. al. [3] using a Ne buffer pressure (of 30 Torr) have experimentally observed
minimum average group velocity of 90 m/sec in hot 3’Rb vapor of atomic density N = 2x10%

(atoms/cm®) at pump power of around 0.3 which corresponds to pump Rabi frequency Q¢ /yp =
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0.014. We find that the theoretical values of group velocity shown in Fig.3(ii) are in good
agreement with experimental observation of M. M. Kash et. al. [3] even for 11 Torr Ne buffer
pressure as we have seen above the collisional effects of the buffer gas saturate around this

pressure beyond which there is no significant change in EIT lineshape.

It is clear from Egs.(3.57) and (3.58) and Fig.3 that the group velocity increases with
increasing pump intensity. Furthermore Eq.( 3.58) shows that under EIT conditions (when I, >>
v21 In) the group velocity in a A system is inversely proportional to the atomic density N
Therefore further reduction of the group velocity may be possible by increasing N as was
demonstrated experimentally by Mikhailov and coworkers [ 4] in hot ®’Rb vapor using 3 torr of
N, buffer gas. They have observed EIT transmission linewidth of only a few kiloHertz and
group velocities below 100 m/sec using higher ®’Rb vapor densities ranging from (N =)
1.18x10* to 3.05x10* (atoms/cm®). It was also seen in their experiment that increasing the
laser beam diameter increases the dispersion and reduces the group velocity. This is expected
since increasing the beam diameter reduces the transit time broadening since atoms take longer
time to traverse the width of the beam in the transverse direction. Thus we find that our results
are in good qualitative and quantitative agreement with experimental results for group velocity

and EIT in hot ®’Rb vapor in buffer gas environment.

3.5 Summary and Conclusion:

In conclusion we have studied the effect of velocity changing (and dephasing) collisions on
electromagnetically induced transparency and the associated slow light propagation in a vapor. A
generalized nonlinear envelope equation (NEE) describing propagation of an ultrashort (probe)
pulse of finite transverse extent through a resonant A type medium which yields known results
in various limiting cases. The aim here was mainly to investigate the nature of the linear
susceptibility under these conditions which in general is found to be a function of the transverse

wave vector ¢, owing to thermal motion of atoms across the finite size (probe) beam. It however

reduces to the usual plane wave form of the linear refractive index in nearly plane wave
approximation. Considering strong collisions models for inclusion of velocity changing
collisions simple analytical expressions are provided using which can be used to explain and
evaluate the EIT linewidth, absorption value at exact two photon resonance and group velocities

in a three level system of type A in the presence of buffer gas. It is found that the residual
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Doppler broadening affects both the width and the absorption dip of the EIT resonance. We show
that for higher collision rates the EIT resonance shifts its position and experiences a narrowing ;
effect of which on EIT resonance is twofold: first, with increasing velocity changing collisions

rate parameter I'y; (or buffer gas pressure p), absorption at the (collisionally shifted) line center
decreases and second, the width v3; of the EIT resonance narrows considerably and for I'»; very

large compared to the residual Doppler width is limited by power broadening. This Dicke-type
narrowing can be explained by an averaging process of the Doppler effect that is induced by
frequent changes of velocities due to collisions. In the presence of velocity changing collisions,
huge reduction of the group velocity at much lower pump field intensities occurs due to the
narrowing of the residual Doppler width with increasing I'»;. These theoretical results are
consistent with earlier experimental studies involving buffer gas, which clearly demonstrated
line narrowing, power broadening aspects of EIT resonances and the feasibility of attaining very
slow group velocities for small pump fields strengths and lower density atomic vapors in the
presence of a buffer gas. Although in the present work we have considered Rb vapor with Ne as
buffer gas for illustration purposes, the theory is well applicable to other vapors such as Cs with
Ne as buffer gas [6].
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Chapter 4

The Vee (V) scheme is different from the lambda (A) and ladder (Z) schemes. In
V-system both probe and pump are connected to the ground state. The fact that the strong pump
field interact directly with the ground state | 1> cause depletion of population to higher excited
state |2> therefore Vee scheme suffers optical pumping and simultaneously probe and pump
decay rates (spontaneous decay rates), contribute dephasing on unlinked transition between
/ 2> - |3> which is much larger compared to lambda (A) and ladder (Z) dephasing rate.
Recently there is an ambiguity has arisen on absorption dip in EIT phenomena in a V-system.
This is similar to that of Autler-Townes (AT) splitting and saturation effect at exact resonance. In
order to reslove the ambiguity and understand these phenomenon (EIT, AT splitting and
saturation) in a V system, it is necessary that, a comprehensive study is needed on homogeneous

and inhomogeneous (Doppler broaden) medium.

4.1 Introduction

Quantum coherence and interference among atomic states coupled by laser field provide
EIT in a V-type atomic system. It can be engineered by the action of two fields, one weak field
(thin line) called the probe and one stronger field (thick line) called the pump, on two different
atomic transitions which share a common ground level shown in Figure 4.1(a). The combined
effect of the two fields is to excite only that combination of the two upper levels that enhances
stimulated emission by the interference of the two paths [1] and the interference of two
excitation paths is shown in Figure 4.1(b). It is of special interest to demonstrate EIT via
qguantum interference because no population trapping is involved in V-type atomic system. One
of the most potential applications of the atomic coherence is to extend the conventional laser
sources to ultra-violet and possibly X-rays and even Gamma-ray spectral range, where the
conventional methods based on population inversion are not available or difficult to implement.
Mismatched (unequal probe and pump field frequency) V-type system with coupling field
frequency lower than the probe field frequency are the ideal candidates for the high-frequency
inversionless laser systems [2]. On that account, the study of electromagnetically induced
transparency in such systems represents the first step in a high frequency inversionless lasers
realization. EIT creates the reduction (dip) in absorption upon which the lasing without inversion
(LWI) is realized.
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Fig.4.1 (a) : Schematic diagram of a three-level V-type atomic system driven by a weak probe
field of Rabi frequency (€p) and strong pump field of Rabi frequency (c).(b) Shows the

interference of two excitation paths of pump and probe.

The reduced (dip) absorption in EIT is due to destructive interference between two competing
excitation pathways. In optical regime, some cases where the Autler-Townes (AT) splitting (ac
equivalent of the dc stark effect) [3] effect is mistaken for EIT because the features of AT
splitting caused by a strong field also look very similar to that of EIT at the line center. Both
phenomena display a reduction (dip) in absorption at line center. An explicit study on AT effect
conducted by Cohen-Tannoudji [4,5] showed that the absorption line is made up of two
Lorentzian like lines that are located next to each other. Thus in a VV-system the reduction (dip) in
absorption can be interpreted as either EIT or a gap between two resonances known as AT
splitting. Although reduction (dips) in the absorption lines has been experimentally reported in a
three-level V—system [2, 6-11], still a certain ambiguity remains as to whether these results are
consequences of EIT or AT splitting effect. Along with this ambiguity the strong field connected
to ground state |1> leads to saturation effect in a V- system. As a result reduced (dip) absorption
appears in probe absorption profile. These three effects (EIT, AT splitting and saturation) look
similar to each other and work in tandem to make the medium transparent at exact resonance by

monitoring the standard probe absorption profile and gave a miss interpretation about each other.

In this chapter we investigate the possibility of EIT phenomena occurring and the
observed reduced (dip) absorption can be differentiated from EIT and that consequence of
saturation, AT splitting effects, by considering a homogenous and an inhomogeneous Doppler

broaden medium through a V- type interaction scheme. We solve the steady-state density-matrix
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equations for this system and perform a Doppler average over atomic velocity distribution.
Atomic susceptibility and expressions for probe absorption, dispersion and group index are
numerically estimated and we demonstrate that with the use of EIT it is possible to control the
speed of the light at line center (on resonance) in an inhomogeneous Doppler broadened
medium, whereas it is not possible to observe an EIT & the associated slow light effect in a

homogenous medium at lower Rabi frequency (€2,).

4.2 Formulation
We consider typical V type three-level atomic system depicted in Fig. 1(a). The spontaneous

emission rates from the upper level |3> (|2>) to ground level |1> is 2y31 (2y21). A coupling field
E. = & exp [i(ﬁC T —oct)] +cc ,of frequency o., wave vector k. and Rabi frequency
Q. = (li,, - &)/h is driving the |2>«|1> transition and a weak probe field Ep = g, exp [i(Ep .
r— mpt)] + c.c., of frequency w,, wave vector Ep and Rabi frequency Q, = (ii,, " €,)/h, is
applied on the transition [3> «|1>. Here [i,, and [i,, are respectively, the dipole moment of

|2>—|1>and |3> «<>|1> transitions. The probe and the pump fields may in general be collinear.

4.2. a) Interaction Hamiltonian

Using Eq. (1.15) the interaction picture Hamiltonian V'™t under near resonant conditions and

rotating wave approximation is
vint = —a[Q expli(ky - T+ Apt)] 13N(1] + Qeexp[i(k. - F+ Act)]12)(1] + H.C] (4.2)

Where A= (w37 — 0p) and A.= (0,1 — w.) denote detuning of the probe and control filed

frequencies w3, and w4 respectively and [i)(j| (i,j=1-3) are the atomic raising or lowering

operators.

4.2. b) Density matrix equation of motions:

(i) Inhomogeneous medium:

Thermal motion atoms in hot vapor produce significant Doppler broadening on optical
transitions because of non-zero velocity distribution of atoms. The density matrix equations for a
V-scheme can be derived using the interaction picture Hamiltonian V™t given by Eq.(4.1)

substituting in EQ.(1.9) and Doppler broadening effect can be incorporated by Eq.(1.10).
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Thereafter using appropriate transformations in these equations to eliminate fast oscillating
(exponential) terms, equations describing time evolution of the slowly varying components of

the density matrix elements ﬁjk(v, t) can be obtained as

Pay = —As1Pyy +1Q(py, — p33) — IQP,, (4.2a)
Pyy = —A21Pyy +iQc(pyy = Py) = 1P, (4.2b)
532 = —As2Py, — QP +iQpPy,, (4.2¢)
P1y = 1QpPy; — iQ;"313 +1Qcp,; — iQZﬁu + 2Y31P33 T 2Y51P5; (4.2d)
Py = 1QcPyy —1Qchy, = 275,055, (4.2¢e)
Pas = IQpPy5 = iQpPsy = 275,P5. (4.2f)
where

Ay =7, Hi(Ac + Kevy), (4.3a)
Ay = 15 +i(8p +kpv), (4.3b)
Asy =7,, +1(Ap — A, (4.3c)
and

Vaz = Va1 T Vaq- (4.3d)

We solve the set of density-matrix equations in the usual limit of a weak probe and an arbitrarily
strong control fields using the following approach. Initially all the population is in the ground

level | 1> and exited level | 2> with Maxwell velocity distribution as
p0 +p0 = M), (4.44)

Where

M(v) = <% \/%) exp (—In2 g). (4.4b)

is the Maxwell velocity distribution of atoms with ¥ = vIn2 vy, and Vi =(2ksT/ma)*? is the
most probable thermal velocity at a temperature T of an atom of mass ma. We assume the probe
to be sufficiently weak so as not to induce any population transfer to upper levels | 3>. For this
purpose we consider the standard weak probe case in which one makes perturbation expansion of

the density matrix elements as follows:
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f)i]. = ;3?]. (v,t) + Xpﬁilj v,v) (4.5)

The zero order solutions obtained from Egs (4.2) in the absence of probe (i.e., puttingQ2, = 0) is

[93 [}% + Aim] + 2721]

Q= —r1 71 M), (4.62)
202 [A—12+A—21]+2721]
11
Q2 |—++—
el
P2 = T 71 1 M(v), (4.6b)
202 [A—lz+A—21]+2y21]
105 (6@ — (0
§(0)= C[pzz P11 _ (4.60)

12 A12

And the rest of other zeroth-order density matrix elements vanish. The relevant first-order (i.e.,
to leading order in probe amplitude) density-matrix equations are found as

2(1) ~ . . ~
Py, = —A31pg11) + 1£2pp§‘1) - 1£2cpg12), (4.7a)
L(l) ~ . * ~ . ~
p32 A3nglz) l‘gchgll) I IQppgg) (47b)

We solve the above set of density-matrix equations under steady state condition by setting the
time derivative to zero on left hand side of Eq.(4.7). The one photon coherence in a

inhomogeneously broaden medium (Igll)) his obtained as
m

Az, M(v)dv
(AzzA3; + Q%)

&y — | s — i
(131 )Inh = prl M(v)dv = iQ,

(Azz + Ay))M(V)dv

—-iQ,|Q |2j
P (Az2A3; + Q|2 (21Q % + Az1A13)

(4.8)

The imaginary and the real parts of (15}3) hdescribe probe absorption and dispersion,

respectively, in an inhomogeneously (Doppler) broadened three-level V- system. The
susceptibility of the medium is related to the one-photon coherence of medium (consider velocity

averaged coherence of an inhomogeous Doppler broadened medium) as follows:
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(1) gy |* (157
P/inh
Where N is the atomic density of the vapor. From Chapter 2 using Eq (2.14), (2.13) and from Eq.

(4.9) we obtain probe intensity absorption coefficient [twice the imaginary part of k, ] and
dispersion coefficient as

2 €]
_op sl (1Y
Oipp = . 47N » Im Qp -h, (4.10a)
n
2 (€H)
_Yp |”31| I3
Binh —T 1+27’ENTRG Q_ . (410b)
P /inh

Thus in addition to absorption characteristics, dispersion spectrum is also of importance since nq
is directly proportional to the derivative (slope) of the dispersion curve (estimation is given in
chapter 2) described as

2 €))

_ ©p |“31| d I31

(ng)inh = ZT[NTTd—(Dp Re Q_p , (4113)
inh

(ng)inh

2
&|“31|
c h

= —2nN

f (A% — 19D UQ]* + AziAry) — 1Q12Az (Asy + Azp)

2 ” M(v)dv|. (4.11b)
(A32A31 + |Qc| ) (2|Qc| +A21A12)

(i) Homogeneous medium:

In this standard stationary atom case the expression for the one photon coherence (1§11>)h is

obtained from Eq.(4.8) by putting velocity (v [1[J0) as

(1) =pP =i Ly iy = 8
31 ), 31 Pl(vs, +i(Ap = A)(v4, +iAp) +1Q]?]

[[r2; + (4 = AJ] + [, +i80)]]
[(rgy +i(Ap — A (3 +14p) +1QcI2][21Qc ]2 + 72, + AZ]

2

(4.12a)

_l c|

Therefore the probe absorption (dispersion) coefficient o (B) at exact resonance of pump field
(A.=0) as
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2 €))
Wp |“31| I3
= — 4gN——— | o 412b
Op . T n m Qp ) ( )
h
2 €))
0] I
B, =— |1+ ZRNMRe <i> . (4.12¢)
c h Qp .

The group index (ng)n can be estimated in a homogenous medium at on resonance (A, = A, =

0) from Eq.(4.13) as

_ &|”31| d 151
(ng), = 2nN ¢ h doy Re o, K (4.13a)

| 2

_ Wp |”31
(ng)h = —ZRNT

h [(ng —1Q:1?) (12> +Y§1) — 19y, (3, +150) : (4.13b)

(Y35Y31 T 1912?2212 [> +73,)

4.3 Results and Discussion:

There are three phenomena called EIT, saturation and AT splitting effects which have a
remarkable effect on probe absorption & dispersion. These effects look similar to each other if
one observes the probe absorption profiles. Usually the probe absorption profile has a dip under
EIT condition (quantum mechanical destructive interference of transition probabilities) at exact
resonance; which indicates a reduction in probe absorption. Along with reduction in probe
absorption, EIT resonances are extremely narrow. But the absorption profile under saturation and
AT splitting effects will also look very similar to that of EIT absorption profile. We now present
numerical results for probe absorption and dispersion in a homogenous and inhomogeous
(Doppler broadened) medium. We first consider the case of homogeneous broadening. The
typical V-scheme is realized in Na?® where pump & probe both fields are applied to same
transition 3S/; -3P1/, . The transition wave length and spontaneous emission rates are 5896 A and
2y21=2v31=21 (10 MHz) respectively. The effective width (half width at half maximum) in a
homogenous medium y = 2z (5 MHz) and for in an inhomogeneous medium as yp = 2=n
(1000MHz)
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Figure 4.2(i)&(ii) shows probe absorption (dispersion) (calculated numerically
using Egs (4.12)) plotted as a function of the probe detuning for various pump field Rabi
frequencies (Q./v) in a homogenous medium. From figure, it is clear that probe (curve a) is
totally absorbed at lower pump Rabi frequency (. < vy ). The dispersion (curve a) corresponds
to normal dispersion which is exactly replica of a two level system, if the pump Rabi frequency
Q. = v (curve b) absorption is lowered and absorption profile is broader than previous curve a.
The reduction in absorption is due to population transfer from lower level | 1> to upper level
|2>. The dispersion curve b still remains as a normal dispersion. Slightly higher pump Rabi
frequency (Q. > vy) probe absorption profile (curve c) has a dip and the dispersion deviates from
normal dispersion. This behavior is mainly due to saturation effect where population is almost
equally distributed between the two levels | 1> & |2> shown in figure (iii). At higher pump
Rabi frequency (. >> y) probe absorption (curve d) has two separately distinct resonances
which is a clear signature of AT splitting effect, absorption vanishes at line center (on
resonance). The probe dispersion (curve d) has two separate normal dispersion curves which are

well separated, but at line center dispersion curve slope is positive (very small).

To understand the behavior of probe dispersion at line center, we numerically
estimated group index ng at exact resonance. Figure 4. 2(iv) display the effect of group index ng
at exact resonance (calculated numerically using Eqgs (4.13)) plotted as function of pump Rabi
frequency (©2./y). From figure at lower pump Rabi frequency (Q. < y) the group index ng sign is
negative whereas at higher pump Rabi frequency (. >y) group index ng sign remains as
positive but very small. The probe group velocity vq (= c/-ng ) initially suffers superluminal (fast)
light effect, but compared to group velocity vy absorption is much more dominant, so initially
probe is absorbed in the medium at lower pump Rabi frequency (Q. <y). At higher Rabi
frequency (Q. > y) the group velocity vy (= c/+ny ) suffers subluminal (slow) light effect,

whereas probe is transparent due saturation and AT splitting effect at line center (on resonance).
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Fig.4.2 (i) & (ii) Shows probe absorption and dispersion as a function of probe detuning (4, /7).
(iii) & (iv) Shows population difference and group index ng as a function of pump field
Rabi frequency (£2./y ) in a homogeneous medium. Curves a, b, ¢ and d corresponds to

pump Rabi frequency values 0.1y, 1y, 1.5 y, and 5y respectively, and N=2x10'2 atoms/cm?®.

It is clear evidence that in a homogenous medium the probe nonabsorption (dip)
behavior at line center (on resonance) is mainly due to saturation and AT splitting effects. In a
homogenous medium a large two photon dephasing (y32) between the levels | 2> & | 3> isof an

order of spontaneous decay rate (ys>=2y) mask EIT effect on probe.

To beat two photon dephasing (ysz) effect we considered inhomogeneous Doppler
broadened medium where two photon dephasing (ys) effect can be minimized. Figure 4.3 (i)
&(ii) shows probe absorption (dispersion) (calculated numerically using Egs (4.10)) plotted as a

function of the probe detuning for various pump field Rabi frequencies (Q./y, ) in an

inhomogeneous Doppler broadened medium. At lower pump Rabi frequency (Q. < v, ) Curves
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a, b, c are depicted as probe absorption (dip) & dispersion due to EIT effect. It is confirmed from
Figure (vi) where the group index ny (calculated numerically using Eqgs (4.11)) is plotted as
function of pump field Rabi frequency (€/vy,) that the group index ng has a positive sign and
the corresponding group velocity vq (= c/+ng ) of probe, initially suffers subluminal (slow) light
effect. If pump Rabi frequency (€. << y,) probe absorption (dip) & dispersion is still due to
EIT effect, simultaneously population is transfer takes place from lower level | 1> to upper level
| 2> (where population is not equally distributed in the levels shown in Figure 4.3(v)). At higher
pump Rabi frequency (Q. <vy,) it is very difficult to distinguish between EIT & saturation
effect on probe absorption (dip), but a qualitative analysis from population difference and group
index ng. provides distinction between EIT and saturation effect. Figure 4.3 (iii) & (iv) the curves
a, b are probe absorption (dispersion) at Q. < y,,. The population is distributed between the
levels | 1> & |2> and group index ng has positive and very small shown in Figure 4.3 (v) &
(vi). From this indirect evidence, we can conclude that EIT and saturation effect both are
indistinguishable and the dominant mechanism on probe absorption (dip) is mainly due to
saturation effect. If the pump Rabi frequency is further increased beyond y, (Q. > y,) then
AT splitting effect will take place and the probe absorption (dispersion) has two resonance peaks
which are well separated as shown in Figure 4.3 (iii) & (iv) by curve c'. Therefore higher pump

Rabi frequency probe absorption (dip) at exact resonance is mainly due to AT splitting effect.
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Fig. 4.3 (i- iv)) Shows probe absorption (dispersion) as a function of probe detuning (4, /vp ).
(v)-(vi) shows population difference and group index ng as function of pump field Rabi
frequency (2./yp ) in a Doppler broadened medium. Curves a, b, ¢ and a, b,c
corresponds to pump Rabi frequency (£2.) values are as 0.005y,, 0.05y,, 0.1y, and 0.5y,

1yp,3yp respectively and N=2x10"? atoms/cm®.
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4.4 Conclusions:

To summarize, we have studied the effect of homogenous and inhomogeneous Doppler
broadening medium influence on probe absorption (dispersion) and slow light phenomena in a
V-type atomic system on closely spaced levels. In homogenous medium the reduction of probe
absorption (dip) is mainly due to saturation and AT splitting effect at exact resonance, where a
large two photon dephasing (ysz) mask EIT process. To overcome the effect of two photon
dephasing (ys2) introduce inhomogeneous Doppler broadening effect (by heating cell), then
under EIT condition it is possible to observe slow light effect at very small pump Rabi frequency
Q. in a simple three level V-system. Finally we conclude that in an inhomogeneous Doppler
broadened medium it is feasible to observe EIT effect under lower pump Rabi frequency whereas
in a homogenous medium it is impossible to observe EIT effect. At higher pump Rabi frequency
the probe absorption (dip) at line center (on resonance) is mainly due to AT splitting effect in

both homogeneous and inhomogeneous Doppler broaden medium.
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Chapter 5

Until now we studied the modification of absorption and dispersion properties of a
(weak) probe light in three level atomic systems (of lambda, ladder or Vee type interaction
scheme) due to presence of another strong (pump) light. The phenomenon of electromagnetically
induced transparency (EIT) in such systems is seen to originate from a destructive interference
between two distinct quantum mechanical paths leading to the excitation of the same upper level.
However studies involving modification of EIT and its applications with inclusion of an
additional fourth level have also been of considerable interest in recent times and are widely
reported in literature. Such studies however are carried out mostly in closed-loop four-level
systems of double Lambda (4), double ladder or diamond (¢) configuration etc. In this chapter
we discuss four wave mixing (FWM) using EIT scheme in a Doppler broadened medium
comprising double lambda (A) systems with inclusion of buffer gas. The results obtained are
shown to be analogous to observed experimental results in more complex and costly setups like

cold atomic ensembles or atomic beams.
5.1 Introduction

Suppression of linear absorption and modification of dispersion properties by
electromagnetically induced transparency (EIT) also initiated various novel interaction schemes
for enhancing nonlinear optical phenomena in absorbing media. One of these interesting
nonlinear optical phenomena is the process of four-wave mixing. Harris et al. proposed using
EIT to suppress absorption of the short-wavelength light generated in a four- wave mixing
(FWM) scheme and showed that the FWM efficiency can be greatly enhanced [1]. Since then
various groups [2-6] have studied FWM in four level systems using EIT [7]. Nonlinear optical
phenomenon may also be observed at low light intensities approaching single photon energy
levels [8]. Using EIT technique it is possible to explore quantum nonlinear optics and quantum
information processes [9]. While studying double lambda-A systems one usually utilizes the
continuous (CW) and plused lasers [10-13]. Korsunsky et. al. have studied the phase dependent
nonlinear optics in double-lambda system [14]. The time dependent analysis of Ref [4,15] in
forward FWM is limited by three photon destructive interference, in an ultraslow-propagation

regime in an optically dense medium. Experimental studies of H. Kang et al. [16] in cold atomic
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8Rb, D1 transition (double-A system) using continuous-wave (cw) lasers shows slow light
propagation and 10% efficiency for (backward) FWM scheme despite destructive interference of

three photon and one photon excitation.

However, EIT and the FWM process in a vapor cell or solids at room temperature is
affected by inhomogeneous broadening [13, 17, 18] arising due to thermal motion (in vapors) or
local field fluctuations (in solids). For instance thermal motion of atoms in an atomic vapor can
cause inhomogeneous broadening of distinct forms viz.(i) the transit time ( or time of flight)
broadening caused by movement of the atoms across the finite extent of the pump-probe beams
in a transverse plane (to the z axis) [ 19], (ii) residual Doppler broadening owing to wave vector
mismatch between pump and probe beams [20] propagating along z axis, and(iii) a small finite
angular separation between pump-probe beams [ 21]. As we have mentioned earlier most studies
of EIT and the associated nonlinear processes ignore the finite transit time ( or time of flight)
broadening that is of the order of y; (= vink.= vin 2n/d) where vy, = (2ksT/ma)¥? is the most
probable thermal velocity of an atom of mass ma at absolute temperature T and kg is the
Boltzmann constant. Therefore even in a room temperature atomic vapor, the transit time
broadening, y; (> 2x x 0.1 MHz ) is much greater than the residual Doppler widths (of the order
of a few KHz ) induced by velocity component along z axis,

In this work we present a detailed theoretical study of EIT and the associated FWM
process in a Doppler broadened medium comprising double lambda systems, including the effect
of a buffer gas. The theory is more general as it includes various forms of Doppler broadening
and other broadening (mentioned above) effects in presence of buffer gas in a vapor cell. In our
study we consider cw laser fields (pump, coupler, probe, FWM signal), all the fields are coplanar
and probe and FWM signals are weak compared with pump-coupler fields. An interaction
scheme is considered in which all the applied field frequencies are on resonance. We utilize
density matrix formalism and a strong collision model to incorporate dephasing and velocity
changing collisions aspects of buffer gas into the theory.

5.2 Formulation:

We consider a typical four-level double A —type system shown in Figure 5.1. A strong laser

(called pump) field given by E. = & exp[i(K - £ — oct)] + c. c., drives the transition | 2> | 3>
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and a weak probe laser field, E, = ¢, expli(k, - ¥ — opt)] + c.c. acts on the transition | 1>
— | 3> forming a standard A type configuration. The spontaneous decay rates from level | 3> to
levels | 2> and | 1> are ys; and ys; respectively. Another coupling (or control) laser field Es =
g expli(ks - ¥ — ost)] + c.c., drives the transition |2> < | 4> and generates a non degenerate
FWM signal field ﬁe = &, exp[i(ﬁe T — (oet)] + c.c., with a wave vector Eeand frequency ..
The phase matching condition is given by Ee: Ep — EC + ES where Ep, Ec are the wave vectors
of the probe and coupling fields respectively, and ES is the wave vector of pump field. The

spontaneous decay rates of the upper level |4> to 1evels| 1> and |2> are ys and yg

respectively. We assume the standard EIT condition €, << Q¢ and Qe << Qs where Q,
(Zuy, - €p/h), Qe (Fu,, - Ee/h), Q¢ (Fp,, - €/h), and Q, (=p,, - &/h), are the Rabi frequencies
of the probe, FWM signal, strong pump and coupler fields.

Fig.5.1: EIT and FWM scheme in double ladder configuration. Here 0, , £2.,0, and £ are the

Rabi frequencies of the probe, FWM signal, strong pump and coupler fields.
5.2 a) Interaction Hamiltonian:

The Hamiltonian describing interaction of the fields and system under condition of near resonant

excitation is obtained in the interaction picture as
vint = —p [Qpexp [i(K, - T+ Apt)]Ssy + Qeexp [i(Ke - T+ Act)]Ss,

+ Qgexp [i(K - T + Agt)]Saz + Qeexp [i(ke - £+ Act)]S4y + Hoc.],  (5.1)
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where A= (w31 — ©p), Ac= (032 — 0c), As= (04 — ) and A= (w47 — ) denote detuning
of the probe, pump, coupling and signal field frequencies from atomic resonance frequencies
31,032, W47 ANd w44 respectively. S;; = [i){j|, (i, ] = 1,2,3,4) are the atomic raising or lowering
operators.

5.2 b) Density matrix formulation:

The equations describing time evolution of the slowly varying components of the density matrix
elements ;3ij(v,t) can be obtained using Egs.(5.1), (1.8b), (1.10), and (1.16) in Eq. (1.11).
Thereafter using appropriate transformations to eliminate fast oscillating (exponential) terms
together with the frequency and phase matching conditions A, — A; = A — A and k. —kg =
Ep - EC for the FWM process, the equations of motion for the slowly varying density matrix

elements f)i]. (v, t) can be obtained.

The abovementioned derivation of density matrix elements is simplified considerably if
we first consider the physical process underlying EIT and FWM. Analogous to a three level A
case (where only a single strong field is applied) application of two strong cw (pump and
coupler) fields result in rapid optical pumping of all the atomic populations into the ground state
|1>. Thus before application of a probe (or generated) field, initially all the population (to zero
order in probe and signal fields), pﬁ) (v) is in the ground level | 1> with a thermal, i.e., Maxwell

velocity (3 dimensional) distribution given by
plO(v) = M(v) = [In2/(v?)]*/2 exp (—In2 V- V/¥?) . (5.2)

Here v = VIn2 vy, and vy, = /2kgT/m, is the most probable velocity at temperature T of an
atom of mass ma. If the applied probe and generated signal fields are sufficiently weaker (than
pump and coupler), nearly all the population continues to occupy the ground level. Under these
conditions the equations of motion for the relevant slowly varying atomic variables are obtained

as
521 = _{ 1[(Ap - AC) + (Ep - l_()C) ) v] + (Y21 + FlZ)}ﬁzl + 192’531 + IQ:’541
+T5 M(V) [ p,, (v, A3V, (5.3a)

~ . g s Y +Y ~ : 3 4
P31 =~ {I(Ap +kp V) + Tp ¥ %ﬁ Pyy 12 PSP (V) +iQc By, (5.3b)
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~ . b = + ~ . . ~
Pa1 =7 {I(Ae +ke V) +y, + %)} Par +1Qe PP (V) +i0Qs5,, (5.3¢)

The following transformations were used in deriving the above set of equations of motion

(Eq.(5.3)) for the density matrix elements :

Pay = Pay ei(kpT+apt) , (5.4a)
Pa1 = Pay ei(KeTrAc) ' (5.4b)
p21 = §21 ei[(ﬁp_EC)'F+(Ap_AC)t] = 521 ei[(ﬁe_ﬁs)'?‘i'(Ae_As)t]_ (54C)

The above density matrix equations for slowly varying atomic variables are written in plane-
wave approximation for the probe (FWM signal) and pump (coupler) fields. In typical
experimental situation a co-propagating geometry is utilized in which all the applied and

generated fields are propagating along z direction. Thus the Doppler shift terms in Eq.(5.3) can

henceforth be expressed as Ky, - v = kpv, , (m=p, &) and (k, — k) -V = (k,—ko) v, .
5.2 ¢) Inclusion of transit time broadening:

The plane-wave approximation is valid and is utilized in most studies of the EIT and slow light
performed using sufficiently large, well collimated probe beam diameter. For sufficiently large
laser beam diameters [20 ] the transit time broadening effects arising from finite extent of the
laser beam intensity in the transverse plane can be ignored. Eqgs.(5.3) can be further generalized
to include the finite beam width (in a transverse plane to propagation axis- z direction) of the
probe and generated (signal) beam by replacing Q, and Q. with space-time dependent probe and
signal amplitude Q,(r |, t) and Qe(r , t). Consequently including space dependence in the slowly

varying quantities pl.].(rL, t, v), introducing the Fourier transformation of a function as

+eo d2 q. g F +eo do .
= — — lqu Ty __ o~ lot
f(r,t,v) J_w 20?2 e J_w 7 € f(q,, ®,v) (5.5)

and using equations (1.10) and (5.5) in Eq (5. 3) we get

. - End - + ~ . - ~
{1(Ap - a)) +i(kpv, +q.v) + Yot %)} Py, (AL, 0, v) =iQ pg(i)(v) +1Qp,, (q1, o, V),
(5.6a)
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{i(Ae = 0) +i(kev, + G,V +7, + 2195, (a1, 0,v) = iQc QW) + Q45 (41, 0,V),
(5.6b)
{i[(Ap —A) — o]+ i(kp—ke)v, +iq, -V, + (721 + F1z)}521(ch; o, V)
= iQcP,, (qu, 0, V) +1Qp,, (41, ®, V) + T21M(V) [ 5,,(q,, o,v)d*V,  (5.6¢)
We now proceed to obtain, from the set of Egs.(5.6), the one-photon coherences from which the
characteristics of the probe and signal fields can be determined. For arbitrarily strong pump and
coupler fields, we solve the above set of density-matrix equations to leading order in the (Rabi)
amplitude of a weak probe, Q, and generated FWM field, Q.. This is done by first replacing €,
and Q by A,Q,, and A.Q, (where &, and A, are perturbation expansion parameters) and using

the following expansion for the density matrix elements in Eq.(5.6):
~ ~ ~(Q )
By = e e + APy . (5.7)

Here r)i(jgp) and ﬁi(jge) are the one-photon coherences to first order in the Rabi amplitude Q, and
Q. respectively, of the probe and signal fields. Using the above procedure we find that the

relevant first order density matrix equations are:

A41P41p (quo,v) = IQsP21 (QL,(D V), (5.8a)
Aglpglp)(qrco v) = iQ,M(v) + 1Qcp21p)(qboa V), (5.8h)
Aips” (A1, 0,v) = 155 (a1, 0,9) + 1055 (a1, 0, VAT ME) [ o (@1, 0, V)V,
(5.8¢)
AP (), 0,v) = IQMW) + 1052 (gL, 0,v), (5.8d)
Asip (@1, 0,v) = 10599 (q,,0,v) (5.8¢)

Ay P29 (q, @, v) = iP5 (q,, 0,v) +1Q555) (g, 0,v) + T2 M) [ 5532 (q,, 0, v)d3V.
(5.8f)

Here
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Agy(an0,v) = {i(Ae — ©) +ilkev, + G0 + (v, +222)} (5.99)
As.(q,0,v) = {i(Ap — (o) +i(kpv, + V) + (yp + %)} , (5.9b)
Azi(a0v) ={i[(Ap —A) — o] +ikp—ke)v, +1G,V ]+ (v,, +T21)} - (5.9¢)

Eq. (5.8) can be solved for the coherences, Pix in the interaction picture that are related to their

counterparts in the Schrodinger picture, plsq. through the relation Pk = p]?kei“’ikt_ Thus the slowly
varying, velocity averaged coherences (to first order in Rabi amplitudes of the probe and signal)
in the Schrodinger picture, henceforth denoted I].(fm) for brevity (by dropping the superscript, s)

can be obtained as

Q il P Q
1537 @) = e oo [ 89, 0,0 o

(Aohas + 12 PIMW (ML)
| 21841 s v)av 2 31 |
=% f Aorhnt Pl [1- 1., U0 (3:102)
If}?e)(qj_r (1)) — e—i(ﬁe.?—met)fpfge)(qb O),V) d3v
M(v)d3v)°
f(A21A31 + |Qc|2)M(V)d3V_F . {f Ay & } (5.10b)
AszApE 21 {1 _r21fM(ng3v} T
I(Qe)(qj_, (D) — e_i(Ep.F_mpt)Jpgje)(qL' (,l),V) d3v
M(W)d3v) (- M(v)d3v
_ * M(v)d®v {f Az 8 }{f Aud }
_i0. 010, f Azt M| (5.11a)
f1-r,, R
Iifp)(ql’ w) = e—i(ﬁe.?—met)fp‘(flzp)(qb OJ,V)d3V
M(WV)d3v) (. M(v)d3v
3 J J
= —i0Q,0,0! JM(V)dV r { A3 }{ Ba1 } (5.11b)

AzApnE 2 {1_ I, fM(vng‘v}
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where

(ta(qj_l , V) = A21(qJJ , V) + |QC|Z/A31 (qJJ , V) + |QS|Z/A4-1 (qJ_l ©, V) . (512)

An inspection of Eq.(5.10) shows that these coherences are directly proportional to either the
probe or signal field Rabi frequency. Thus these are proportional to the linear polarization and
hence the real and imaginary parts of Eq.(5.10) describe dispersion and absorption of probe and
signal fields in the inhomogeneously broadened double lambda system. On the other hand
Eq.(5.11) reveals that these coherences are proportional to the product of the Rabi frequencies of
the other three fields, that is, these yield the nonlinear polarization arising due to the frequency

mixing of the other three fields.
5.3 Propagation of the signal and probe waves:

To calculate the efficiency of the generated FWM signal we consider the propagation of the
weak signal and probe waves through an extended medium composed of double (A) systems. In
chapter 3 we have developed a formalism for propagation of a probe pulse through an EIT
medium comprising of three level A systems. Although that formalism can be applied here, for
the sake of simplicity and clarity, in the present case we consider the applied probe (and
therefore the generated signal) pulses to be of very large duration in time, i. e., the probe (and the
signal) can be approximated as nearly monochromatic, cw fields. Consequently for this case we
can use steady state solutions for the coherences obtained by setting ® = 0 in Egs.(5.10) and
(5.11). Propagation of a field of the form given by Eq.(1.3) is described by the Maxwell’s wave

equation

__Am 02

62
(V2 — <), = Z—— (P + PM) , (a=e, p) (5.13)

where PL and PN respectively, are the macroscopic linear and nonlinear polarizations

associated with and aligned along the direction of the field Ea. In general the macroscopic
polarization P, i.e., the ensemble average of the induced dipole moment per unit volume in a

medium of number density N is given by

P=NTr(u<p>) = kazl Hie <Py > = Mgz <Pgy >+, <p,, >+, (5.14)
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Here angular brackets < > denote averaging over thermal velocities< Py > = 1) pi].(v)dv. The

induced macroscopic linear and non linear polarization is in the medium is proportional to

velocity averaged coherence (off diagonal elements) Ij(fe), I](f ») where j = 3 and 4. Thus we

can write the polarization in the form (using the notation of Egs.(5.9) and (5.10)) :

Py = Nu, (Iffe) + Iffp)) eilkeT-0et) 4 ¢ ¢ | (5.15a)
Ps; = Nu, (Iffp) + 1g$e>) eipT-0pt) 4 ¢ ¢ | (5.15b)

Substituting Egs. (5.15a) and (5.15b) along with Eg. (1.3) in Eq.( 5.13) and assuming the validity
of the slowly-varying amplitude approximation and neglecting diffraction of the beams in the

transverse plane, we get the following coupled waves equations for signal and probe field

amplitudes:

d€ o

a; = ?‘“’se + %sp : (5.16a)
0€ o B

a—;=7psp+7pse. (5.16b)

The second term [3]. , (J =s, p) on the right-hand side of Egs. (5.16a) and (5.16b) essentially

represents mutual coupling between the probe field and the FWM field while the first terms

0j (j =s, p) describe absorption and dispersion properties of the atomic medium. These are given

by
.87'52N|H14|2 Iz(t?e) (5.17a)
O =1 , 17a
¢ Aehyp Qe /vy
2 [ (Qp)
o = TN (17 (5.17b)
P Al \Qp/vp )
(@p)
B :i8n2N|u13||u14| I41p (5.17¢)
e Aehyp Q/vp |’
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87TZN|“13 | |“14| Ig?e)
iy . 5.17d
P T oy, \Qu/1y (>17)

It should be noted that since o, « iI].(?m) , (m=¢e, pand j = 3, 4) the real and imaginary parts of
0. (ap ) respectively, describe absorption and dispersion properties of the generated signal

(probe) field in the medium. The dispersion vanishes at line center since the imaginary part of
o (op ) is zero at exact resonance. Thus it can be shown and verified numerically that the
coefficients a,, and B, (m = e, p) given by Egs. (5.17) are purely real at line center. For this
particular case in which all fields are on resonance, together with the boundary condition at the
input &,(z = 0) =¢&,(0) and &.(z = 0) = 0, we can solve the coupled Egs.(5.16) to obtain the

field amplitudes for the signal, &.(z) and the probe wave, ¢,(z) in the medium as

Se(Z) _ ,Be ap + ae )

£,(0) =55 &P {[—2 ] z} sinh(®z) , (5.18a)
gp(Z) _ ap + a, (Otp — 0g) .

£,(0) = exp {[ > ]z} (cosh(®z) + Tsmh(@z)) , (5.18b)
where ® = \/BeBp/4 + (ap/4 — 0Le/4)2 . (5. 18¢)

It is also evident that Eq.(5.16b) (and similarly (5.16a) can be obtained from the probe pulse
propagation equation (3.41) developed in Chapter 3 in the steady state limit (time derivatives are

zero), assuming negligible (diffraction) variation in probe pulse envelope in the transverse plane

compared with that in the z direction (iiqi < %) and for nonlinear polarization component
p
generated at wave vector Ky = K (or ke ).

5.4 Results and discussion:

We now present numerical results for EIT and propagation effects of the probe and generated
FWM signal by applying the theory to a rubidium atomic vapor. The double lambda system can
be realized, for example, by excitation of the 5S;,— 5Py, transition with energy level separation

wave length A= 795 nm in a ®’Rb atom using (strong) pump, coupler and (weak) probe laser
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fields. The tuning the field frequencies to the combination of the upper level 5Py, and hyperfine
substructure of the ground state 5S;/, makes the system a four-level double lambda system [7, 8].
In our numerical calculations both drive fields (pump and coupler) are fixed on resonance with
their respective transitions. The dephasing rate of the two-photon coherence excited between the
two (unlinked) lower states | 1>and |2> is around y,;= 2r x 200 Hz at an atomic density, N =
2 x10™ atoms/cm? of the 8'Rb vapor [22]. For a Ne buffer gas (of pressure p Torr) in the vapor
cell, the velocity changing collision parameter is I',;/2n (= px2MHz) and the collisional
dephasing parameter is given by, y, = 2.7 X I'p;. All parameters are expressed in units of the
Doppler width y,/2r = 270 MHz. An optimum value of the velocity changing collision
parameter, I',; = 0.085y,, (which corresponds to a fixed Ne buffer gas pressure, p =11.5 Torr)

is used in all numerical calculations.

The EIT phenomenon for both the probe and generated signal field is illustrated in

Fig.5.2 by plotting the absorption characteristics as a function of the two photon detuning 6/v,,.
The pump Rabi frequency is fixed at a value Qc/y, = 0.03 and the coupler Rabi frequency
(Qs/yp,) values are varied through 0, 0.01, 0.03 and 0.05. Curves a and b in Fig.5.2 (i) are the

probe absorption profiles (given by the imaginary part of the coherence, Iggfp)yD/Qp) in the

absence of the coupler field i.e., Qg/y,= 0. Thus curves a and b display respectively, the effect
of transit time broadening and buffer gas on the typical absorption profiles of a probe beam in an
isolated three level A system. From the absorption profile in the absence of the buffer gas (curve
a ) itis clear that substantial absorption occurs due to the transit time broadening. In contrast, the
probe absorption profile in the presence of (11.5 Torr) Ne buffer gas (curve b) shows that
velocity changing collisions give rise to perfect EIT at line center by eliminating the transit time
broadening. At higher detuning values absorption is lower due to the presence of large collisional
depahsing v, . Nonlinear generation cannot occur in the absence of the coupler field, Qg/y,=0.
In Fig. 2(i) [2(ii)] the curves c, d, and e [c, d" and €] depict the probe (signal) absorption
profiles in the presence of (11.5 Torr) Ne buffer gas as the value of the coupler Rabi frequency,
Qg /v, is varied through 0.01, 0.03 and 0.05. Curves c, d, and e (in Fig5.2 (i)) reveal that the

on-resonance probe absorption increases (or probe EIT diminishes) as one increases the strength

of the coupling field amplitude Q/vy,. Simultaneously curves ¢, d"and €' ( in Fig.5.2(ii)) which
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depict the signal absorption profiles (obtained from imaginary part of Ifffe)yD/Qe ) also show a
similar but reverse trend. That is, initially for weak coupling field amplitudes Q/v,, , signal
absorption is very high. As the coupling field amplitude increases, the line center (A.= A,= 0)
signal absorption decreases (or EIT increases), become equal to probe absorption when both the
strong driving fields are equal, Q.= Qg and continues to decrease with further increase in
coupling field amplitude. This decrease in EIT of the probe field can be attributed to creation of
an additional (third) absorption channel when the coupler field is applied on the |[2>—[4>

transition, due to which the destructive interference that causes EIT is incomplete.

) (i)

.. .

1.2 4

Absorption
Absorption

0.0 T T T T T T T 1
-0.010 -0.005 0.000 0.005 0.010

Sl Sl

0.0 T T T T T T T 1
-0.010 -0.005 0.000 0.005 0.010

Fig.5.2: EIT of (i) probe and (ii) generated FWM signal as a function of two photon detuning
é/yp for a fixed pump Rabi frequency (£2./yp) = 0.03 and various coupling field Rabi
frequencies (2,/yp). (i) Curves a and b distinguish the effect of buffer gas collisions on
typical EIT characteristics of an isolated lambda system (obtained when coupler field,
0,/vp = 0). Curve a is the absorption profile in the absence of the buffer gas (I3, = 0)
whereas curve b is that in the presence of a Ne buffer gas (of pressure p=11.5 Torr)
corresponding to a velocity changing collision parameter I,;= 0.085y,. Curves ¢, d and e

in (i) are the probe absorption profiles and ¢, d"and e in (ii) are those for the signal field in
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the presence of a buffer gas of pressure p=11.5 Torr (I;;= 0.085y). The coupler Rabi
frequencies (£2,/yp) values for ¢, ¢"is 0.01, d, d " is 0.03 and e, e" is 0.05. The buffer gas

dephasing parameter for Ne is, y,, = 2.715;.

It is well known that EIT in an (isolated) three level A system such as, for instance, that
formed by the transitions |1>—|3>—|2> is caused by destructive interference between a one-
photon (direct) probe absorption path |1>—|3> and another (indirect) three-photon path created
via the transitions |1>—|3>—|2>—|3>. Now application of a third (coupler) field on the
transition [2>—|4> (which generates a signal field on the transition |1>—|4>) in turn creates an
additional three-photon |1>—|4>—|2>—|3> path for excitation of the level |3>, the strength of
which depends upon the coupler field intensity. This can be seen from the |Q|? dependent
second term in the numerator (of the first term) of Eq.(5.10a). Similar inference can be drawn for
the adjacent A subsystem formed by the generated signal and the coupler field which through the
action of the pump field Q /v, (see the |Q.|? dependent second term in the numerator (of the
first term) of Eq.(5.10b)) affects the EIT of the signal field. It is clear from the above Figures that
when the coupler and pump amplitudes (or intensities) become equal, the minimum EIT possible

in each lambda subsystem is only 50% of that for an isolated lambda system.

Furthermore, in Fig.5.3 line center (i.e., on-resonance, A,= A.= 0) absorption values for
probe (curves p) and generated FWM signal (curves e) are plotted as a function of the coupler
field Rabi frequency Qg /y, for two distinct values of pump field Rabi frequencies, Q /v, =

0.02 (solid curves) and Q./y, = 0.03 (dashed curves). Also shown in this figure are the gain

factor, obtained from the imaginary part of the nonlinear coherence, Iggfp)(;—") [Eq.(5.11a)] or
P
(@

411“’)3(])/52p [Eg.(5.11b)] as a function of the coupler amplitude Q /vy, for a fixed pump
amplitudes Q./y,. Since the same parameters |u .| = ||, Ae =24, and N appear in the
expressions for absorption and gain coefficients defined by Eq.(5.17), the absorption o , o, and
gain coefficients B (=pp= Be ) as defined in Eqgs.(5.17) can be obtained from the line center

absorption and gain factor values depicted on y-axis of Fig.5.3 by multiplying by a factor n (=

2 2
—%). From Fig. 5.3(i) we find that the contributions from gain factor (for nonlinear
P"/D
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generation ) and absorption (loss a) to the FWM signal (and probe) field are opposite in sign
and the magnitudes of these are unequal (o # B ) for the pump and coupler fields, Q./y,=
Qm/yp=0.02 and 0.03. This is the effect of transit time broadening (q,.V) due to which even
when the absorption loss in both lambda subsystems becomes equal, a (= a, = o) When
Q.=Qy , the gain factor (nonlinear generation coeffcient ) is different from the absorption

coefficient. Therefore transit time broadening (q.v) has major influence on absorption (loss o)

and gain factor (generation coeffcient ) of both probe and generated FWM signals.

(1)

Absorption
Absorption

Gain Factor
Gain Factor

: —
0.00 0.02 0.04 0.06 0.08
QSI'YD

Fig.5.3: (i) and (ii). The effect of buffer gas on absorption and gain factor values at line center
(i.e., on-resonance, A,= A,= 0) for probe (curves p) and generated FWM signal (curves €)
plotted as a function of the coupler field Rabi frequency 0./y, for two distinct values of
pump field Rabi frequencies, 2./yp = 0.02 (solid curves) and 2./yp = 0.03 (dashed

curves). The gain factor is obtained from the imaginary part of the nonlinear coherence,

13(!126))@/.(2,, [Eq.(5.11a)] and is identical in value to that obtained from Iifp)yD/.Qp
[Eq.(5.11b)]. Since the parameters |u .| = |u,,| and A, = A, the absorption coefficients oy ,

ae and nonlinear gain parameter S (=4,= f. ) as defined in Eqs.(5.17) are obtained
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respectively, by multiplying the line center absorption and gain factor values depicted on y-

8“2N|“13|2)

axis by a factor n (= — oty
plrp

To overcome transit time broadening effect and to prevent the attenuation of probe and
generated FWM signal fields in the medium a buffer gas is added to the system. Fig.5.3(ii)
shows buffer gas effect on gain factor (nonlinear generation ) and absorption (loss coefficient

a) of probe and FWM signal for pump-—coupler fields, Q. /y,= Qy,/y,= 0.02, and 0.03. Since
other parameters appearing in the expressions Eq.(5.17) for o , B, (and oy, , Bp) are the same,
we find that o (= a, = ae)and B (= B, = Be ) are nearly equal when Q. /y,= Qp, /y,=0.03in

presence of buffer gas. Thus it is expected that a balance (steady-state) will be established in the
situation where the propagation loss determined by absorption coefficient a is compensated for
by the effective (nonlinear) gain given by B in the medium. Whereas Fig.5.3 (i) shows that the in
absence of buffer gas the balance will not be established, as the propagation loss determined by

absorption coefficient a do not compensate (nonlinear) gain 3 in the medium.

1.00 +
Q ly=Q Iy =0.03
0.751}
2 "
‘»
o=
3
=
= 050 \*
= :
ke P
[<5) M —
& r /y =0.085
0.25_ p -:::::lilzlll-? -------------------
'€
o g r, =0
0.00 _— T
0 2 4 6 8

Fig.5.4: Variation of the relative intensity of the probe (curves p) and generated signal (curves

e) as a function of the dimensionless parameter az where z is the propagation distance and
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the value of the absorption coefficient a is evaluated at line center (on-resonance). The
pump and coupler Rabi frequencies are, 2./yp = 2¢/yp= 0.03. For this value of driving
field the probe and signal propagate unattenuated through the vapor with matched intensities
for ¢z = 5 in the presence of buffer gas, I;;= 0.085y, (dashed curves) whereas both the
fields are attenuated in the absence of the buffer gas, I;,= 0 (solid curves). The buffer gas

collisional dephasing rate is, y, = 2.713;.

We now illustrate how this competition between the absorption oo and nonlinear gain 3

affects the propagation characteristics of the probe and signal fields by plotting in Fig.5.4 the

relative signal (probe) intensity |% 12 (] %F) (using Eq.(5.18)) as a function of oz . The
p p

absorption coefficient-length product, az can be varied either by changing the atomic density

or length of the vapor cell.

We observe from Fig 5.4 that initially (at the input interface) the probe has maximum
value and the signal field is zero. As the fields propagate further in the medium, generation of the
signal field via FWM takes place due to which the signal intensity grows at the expense of the
probe fields so that the intensity of the probe decreases. However when the generated signal
becomes sufficiently strong and comparable to the probe field strength, the reverse process also
can occur in which the signal, coupler and the pump via FWM regenerate the probe field. In the
course of propagation in the vapor, eventually these two process must reach a balance i.e., a
matching of intensity (or amplitude) of the probe and the signal fields should occur. However as
seen in Fig.5.2, finite absorption loss ( o) causes attenuation of the fields as they propagate in
the vapor. It is observed from Fig.5.4 that in the absence of the buffer gas (solid curves p and e)
matching of the probe and signal field intensities does not occur and the fields are eventually

attenuated for az > 8.

On the other hand in the presence of a buffer gas (dashed curves p and e) we find that
beyond a certain propagation distance characterized by the value of az > 5, the generated signal
and probe intensities (or amplitudes) are matched and the probe and signal fields propagate
through the medium without further dissipation. As seen in Fig. 5.3 the condition o = B is

satisfied at these values of coupler and punp field Rabi frequencies Q. /vy, = Qg/y,= 0.03. Hence
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the propagation loss o is compensated for by the nonlinear gain  and the probe and signal fields
propagate without any loss in the vapor. We further note that under these matched and no loss
conditions the probe and signal amplitude are, €.(z)/e,(0) = &,(2)/e,(0) = 1/2 ie., the
signal (and probe) intensity relative to the incident probe intensity is 25% each. The mismatch
and attenuation of the signal and probe in the absence of the buffer gas is due to fact that
absorption loss a caused by transit time broadening is much larger than the nonlinear gain f as

observed in Fig 5.3.
5.5 Conclusion:

To summarize, we have studied the buffer gas collisions effect on EIT associated FWM signal
generation in an inhomogeneous (Doppler) broadened medium. A strong collision model is
considered for velocity changing collisions. Furthermore, under optimal condition of FWM
generation the maximum transparency achieved for either the probe or the generated FWM field
is only 50% of the one obtains in the case of an isolated 3 level (A) system. The forward FWM
scheme is more efficient in a inhomogeous (Doppler ) broadened medium than cooled
(homogenous medium) system of Ref [16] provided taking care of major effect of transit time
broadening and consideration of buffer gas collisions. The maximum FWM efficiency is
obtained with matched coupling fields and buffer gas collisions; at higher propagation lengths
the conversion efficiency reaches nearly 25%. Our results are consisted with the earlier

experimental studies of Ref [16] (homogenous medium) in forward four mixing scheme.
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Chapter 6

Conclusions:

The phenomena of electromagnetically induced transparency (EIT), slow light in various
Doppler broadened three-level (ladder, lambda and Vee) systems and EIT assisted process of
four wave mixing (FWM) in a Doppler broadened four-level double lambda system were
studied. Residual Doppler broadening arising from thermal motion of atoms in vapor causes
broadening of EIT (absorption) and dispersion resonances. Theoretical models incorporating the
velocity changing (and dephasing) collisional aspects of a buffer gas were developed to examine
narrowing of various types of (residual) Doppler broadening affecting the EIT resonance. The
highlight of the present work is the incorporation of transit time (or time of flight) broadening of
EIT resonances in various multilevel systems. The origin of this broadening is in thermal motion
of atoms across the finite intensity spread of the probe and pump lasers in transverse direction (to
the direction of propagation, usually taken as z direction). Most studies till date only consider the
residual broadening arising due to longitudinal velocity component v, or a small contribution
from a single transverse component vy arising due a small angular deviation of pump and probe
beams. The more general theoretical models developed here should be applicable to real
experimental situation since most experiments on EIT (with or without buffer gas) are conducted
using narrow diameter (of typically 2 mm) laser beams. Hence experimental data is used in most
cases for numerical computations in order to make comparison with experiments. On the other
hand our study of buffer gas effects on EIT in Doppler broadened three level ladder (Chapter 2)
has served as a basis for a recent experimental study which confirmed our theoretical

predictions.

In Chapter 2 and Chapter 4 we study EIT in Doppler broadened three level ladder (Z) or
cascade and V systems considering thermal motion of atoms (with velocity component v;) along
the z-direction of propagation of the pump and probe waves. Chapter 2 deals with the theory of
EIT and slow light in a Doppler broadened three-level ladder ( Z ) system incorporating residual
Doppler broadening (arising due to pump-probe wave vector mismatch along velocity
component v, direction) and velocity-changing and dephasing collision effects of a buffer gas.

Both regimes of wave-vector mismatch occurring when either the probe frequency is higher than
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that of the (strong) pump field or vice versa are considered. It is found that the velocity-changing
collisions in general cause narrowing of EIT resonance linewidths which, in a particular wave-
vector mismatch regime, can lead to large transparency and slow light generation at relatively
low control field intensities. Large collisional dephasing of two-photon coherence in a ladder
system, however, tends to mask these effects. Finally we conclude that with the additions of
buffer gas to the ladder system EIT resonances are broadened.

The EIT scheme in a V-type atomic system described in Chapter 4 differs from other
three level lambda (A), ladder system (Z) in that the strong pump laser is connected to ground
level. For this reason although the reduction of probe absorption (dip) has been experimentally
reported in V-system, a certain ambiguity remains as to whether these results are consequences
of EIT or a similar phenomenon known as saturation and Autler-Townes (AT) splitting. We
investigate the possibility of EIT phenomenon in a three level V-type atomic system by
considering both homogenous and inhomogeneously (Doppler) broadened media. The
phenomenon of saturation and AT splitting has features that look very similar to those of EIT
observed in the probe absorption. We demonstrate that EIT occurs in an inhomogeneous Doppler
broadened medium, whereas it is not possible to observe EIT in a homogenous medium due to
large dephasing (of order of spontaneous decay rate) of two photon coherence. Therefore
reduced absorption of probe in a homogenous medium is mainly due to saturation and Autler-
Towns splitting (AT) effect.

We address again in Chapter 3 and 5 EIT, slow light and four wave mixing (FWM)
process in Doppler broadened three level lambda (A) and four level double lambda (A) systems
considering three-dimensional thermal motion of atoms in the medium. Thus theoretical models
in these chapters also include the transit time (or time of flight) broadening of EIT resonances
arising from the transverse thermal velocities which cause atoms to move out of the finite
interaction region formed by overlap of the intensities of the probe and pump lasers in transverse
direction (to the direction of propagation). Most studies till date do not incorporate the transit
time broadening and are restricted to residual broadening arising due to longitudinal velocity
component v, or a small contribution from a single transverse component vy arising due to

thermal motion of atoms in one direction.
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In chapter 3 it is observed that in a Doppler broadened (hot vapor) medium the transit
time (or time of flight) broadening affect both the width and the absorption dip of the EIT
resonance. Also presented is an equation for pulse propagation in which we point out the
complexity caused by the dependence of the linear susceptibility on transverse wave vector. We
first, show that with increasing buffer gas buffer gas pressure p, absorption at the (collisionally
shifted) line center decreases and second, the width of the EIT resonance are narrowed. Huge
reduction of the group velocity also occurs under these conditions at much lower pump field
intensities. The numerical and theoretical calculations which clearly demonstrate line narrowing,
power broadening aspects of EIT resonances and the feasibility of attaining very slow group
velocities in presence of a buffer gas are found to be in good qualitative and to some extent
quantitative agreement with existing experiments of EIT and slow light propagation in hot

vapors in buffer gas environment.

We further extend in chapter 5, our studies of buffer gas effect to EIT and four wave
mixing (FWM) in a Doppler broadened double lambda (A) system. EIT of the probe and
generated FWM signal and there by the generation efficiency are found to be adversely affected
by the transit time broadening. The velocity changing collisions by buffer gas atoms entirely
eliminate the transit time broadening and thus increase the transparency of probe and generated
signals as well the forward FWM signal generation efficiency. The evolution and growth of the
generated FWM signal intensity is also destroyed by the transit time broadening. We however
show that, in presence of velocity changing collisions the signal intensity quickly grows to a
large value even for very small values of the coupler and pump fields. The maximum FWM
efficiency is obtained with matched coupling fields and buffer gas collisions; at higher
propagation lengths the conversion efficiency reaches nearly 25%. The results for large buffer
gas pressures almost analogous to those observed for the stationary atom (v = 0) case conducted

in more complicated or expensive setups like cold atomic ensembles.
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