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Abstract

This thesis deals about theoretically and experimentally investigates the
phenomenon [31] FWM (four-wave mixing) in hot potassium fume by
co- propagating probe and pump beams through potassium vapor. We get
the FWM by way off resonant for double A atomic scheme. The system is
phase insensitive parametric amplifier due to the gain is independent on
initial phases of pump and probe beams when applied in alkali atom
vapor.

Model is semi-classical treatment of FWM processes. Theoretically,in
the model, the numerical solution of optical Bloch expressions for density
matrix terms of every population and coherence were given, to derive the
propagating amplitude wave equations of three conjugate beams, probe,
pump, and fields after that [31] we evaluate measured and computed
gains various important variables for FWM efficiency. This consists of
the angle between the probe and the pump, atomic density, two photon
detuning and one photon detuning, potassium density and probe power.
There is a correlation between effect of one parameter to the gain, and

values of the other parameter.



Acknowledgement

Since this could be my remaining chance to express my gratitude to these
people in text, I may be somewhat more effusive in my appreciations.
Firstly, I am indebted to thank my supervisor Professor, DUSAN
ARSENOVIC, for the constant support in my PhD program, for
enormous knowledge, inspiration, and his endurance. His direction
assisted me throughout my research and when writing this thesis. He has
cheerfully answered my queries, assisted me in a myriad ways in the
writing. I least expected to get a better guide and mentor for my PhD
study than him. I am very lucky to have found a supervisor who took
much care about my work, and who promptly reacted to my queries and
questions. Much thanks go to my entire Prof in the zemun institute. In
particular, I am grateful to Professor BRANA JELENKOVIC, who took
the first glance of my thesis, for the advice, encouragement and guidance
he offered all through my course. I specially thank to my relatives. No
words can appropriately express the depth of my gratitude to my loving
mother and to my deceased father for all of the sacrifices they have made
for me. Not forgetting all of my brothers and sisters who lent me a hand
in writing, and encouraged me to work hard towards my goal.
Immeasurable gratitude to my husband, ABOSHAWESHA, who worked

tirelessly with me and was always supportive in the times when there,

3



was no one to address my questions. Last but not least, I am thankful to
my children MOHAMMED, MOLOUD, MAWDA and FATIMA for
supporting continuously when developing this thesis and my life at large.

Thanks so much to all of you for always being there with me.



Table of Contents

Chapter 1
LINtroduction. .........oieii e 7
1.1 Atom — laser Interaction ............ccccevuiiiiiiiiiiiiiiniiennnenne.. 10
1.2 The Two-level atom Interaction with a classical field............. 10
1.3 Resonance, absorption is maximized if detuning is near zero......12
1.4 Coherence effects .........ccoevuiviiiiiiiiiiii 16
1.4.1 Electromagnetically induced transparency......................... 17
1.4.2 Electromagnetically induced absorption........................... 22
1.5 Four wave mixing in potassium mass number 39................... 23
1.6 Slow and fast light..........cooooiiiii e, 26
Chapter 2
2. Four wave mixing from density matrix element for conjugate......... 31
2.1.a Mathematical formulation.................cooiiiiiii i, 36
2.1.b The Rabi frequency...........ccoviiiiiiiii e, 38
2.2 The Maxwell Bloch equations...............ccccoeeiiiiiiiniiieeeenen. 39
2.2.1 Maxwell-Bloch equation for Double-Lambda System.............. 42
Chapter 3
3. Important QUantities. .........vviriiii i 50
3.1 Group Velocity and Speed of light .....................cceenll 50
3.2 Full Width at half maximum......................ocviniiinennn51
3.3 GAIN 52
3.4 Continuous wave 1eSUltS. ........ooeiiiiiiiiiii e, 54



3.4.1Thin and thick cell, strong pump intensity........................54
3.4.1.a adopt the gain on the angle between the pump and probe....55

3.4.1.b Dependence on one — photon detuning......................... 57
3.4.1.c Dependence on two - photon detuning.......................... 58
3.4.2 Thin and thick cell, medium pump intensity.......................59

3.4.2.a Dependence of gainonangle 0....................coooeeeee .. 60
3.4.2.b Dependence on one -photon detuning............ ............... 61
3.4.2.c Dependence on two —photon detuning 6..........................02

3.4.3 Additional results for thin cell, medium pump intensity.....63
3.4.3.a Dependence on two Photon detuning(TPD )for lower and

higher one photon detuning(OPD) ........cccceeeviveviieniirennnne, 64
3.4.3.b Dependence on one photon detuning (OPD) for lower and
higher two photon detuning (TPD).............cccceeieennee.. .66
3.4.4 Dependence on probe pOWer..........oovviiiiniiiiiiiie e, 67
Chapter 4
4 R ESUIES. ..ttt e e 69
4.1 Figure and diSCUSSION. ......vvienieiieiiie it e eeieeeeaeeas 70
4.1.1 Probe pulses propagation through potassium vapor cell........ 74

4.1.2 Determine both primary and secondary pulse at the end of the

propagation distance zmax= 4cm for some parameters.........76
Conclusion........ ... 84
References....... ..o 86



7

1. Introduction

The expression “four-wave mixing” typically refers to the interaction of
four spectrally or spatially separate fields it is abbreviated with the
symbol FWM. Since it is recognized as good source of entangled pair of
photons, so useful in quantum optics [31] for investigating quantum
nature of light quanta, in addition to novel technologies for quantum
data. It is applied to investigate both one-photon and two-photon
resonances in an element by determining the resonant development
since at least one of the frequencies is tuned. Excited state cross
sections, generations, and line widths can be determined by tuning the
frequencies to numerous resonances in the material [6]. This work
explores some areas of non-linear optics which such as the phenomena
founded in the relationship between four clear optical fields through the
D1 line of potassium atomic vapor. [31] Conversely, potassium is an
example of the alkaline element with by far smallest ground state
hyperfine splitting (HFS). Diverse systems have been employed in the
generation of twin photons, including on-resonant impulsive FWM and
double ladder scheme FWM. Particular attention in the double FWM
structure comes from the capacity to develop quantum field connections.
Increased quantum links is present because non- linearity in such system
is generated by coherence effect and “spontaneous free emission” rather

than large populations of excited states and saturation [1-9]. FWM in a
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dual system, [31] with two input fields (pump and probe), is an atomic
system applied in the generation of twin beams. This atomic scheme is
that of an ordinary electromagnetically induced transparency (EIT). In
addition to FWM under definite conditions, parametric amplifier or
system is based on laser detuning, pump power and atomic density will
become non-linear FWM. Here will be study experimental and
theoretical investigations of effects of pump and probe detuning, one
(pump) photon detuning (OPD) and Raman two photon pump and probe
detuning (TPD) from HF splitting of K ground state and compare results
of the numerical calculations with additional experimental results.
Measured and calculated gains for different parameters necessary for
FWM efficiency. These are the atomic density, angle between the pump
and the probe, pump detuning from the D1 shift, and two photon (pump
and probe) detuning with reference to HFS of the ground state. Finding
relations between different parameters and gains of twin beams. In
addition the model is semi-traditional handling of FWM activities
consists of working out Bloch relations for density matrix terms of every
group and logic related to the double A structure of K atom. Calculated
matrix elements for coherences (polarization) are coupled to the
amplitudes’ propagation expressions for electric fields of probe, pump,
and combination. Therefore, model with full mathematical models and

without confusing theories and assumptions.



Chapter 1




1.1 Atom — Laser Interaction

The use of light has been a very powerful tool to study the internal
structure of atoms. Since absorption of light takes place only when the
light frequency is nearly resonant with an atomic shift. However, the
purpose of this part is to research on the atom-light interface for the
simplest systems. So the straight forward case for considering the contact
between light and atoms is that of a dual-stage atom compelled by a

logical optical spectrum. This chapter summarizes some of that work.

1.2 The Two-Level Atom Interaction with the Classical Field

For a double-level atom [32] in contact with classical electromagnetic
field, the field is assumed to be uni color with angular frequency w to

represent the field because of a laser [16]:

E(t) = € E,Cos(wt) (1.2.1)
Where, € is the field’s unit polarization vector.

Noting the field at the atom location will be an ignorance on our part
about the spatial dependence of the field. This is correct in the long-
wavelength calculation or dipole calculation, in which we adopt the
assumption that the field’s wavelength is much bigger than the diameter
of the atom. We can therefore disregard any deviations of the field over
the size of the atom. This is by and large suitable for optical shifts, the
best to do is to break down the field into its negative- and positive-
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spinning terms E®) while EC:
= LE ot +iot
E(t) =¢ B (e +em (1.2.2)

o+ ) _ (=) tiot
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=E (b +E( )(t)

Where B almost eTiot

It will be treating the atom as a dual-level atom, which obviously an
estimate of a real atom. To be specific, we will take into consideration
near-resonant interfaces, to facilitate the propagations to the next levels
are insignificant. We will also designate the excited levels and ground as
le> and |g> correspondingly, and we will use wyto represent the resonant

frequency (i.e., the splitting energy of the pair of states aiw,) see Fig.1

‘ |e>

Energy

hawg r

le>

Figure .1: Double level system, with excited - and ground-states |e> and |g>, respectively,
with wg(a transition frequency) and where the practical light spectrum could have A (a
detuning). At a characteristic speed I', atoms in |e> (the excited state) decay back

spontaneously to |g> (the ground state).
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The laser field detuning [32] from the atomic resonance defined as,

A =w —w, we can inscribe the whole Hamiltonian for the field and atom
as a quantity of the free H, (atomic Hamiltonian) and the atom—field
contact Hamiltonian H, :

The atomic free-evolution Hamiltonian can be found by

Hy = hogle >< e | (1.2.4)
in taking the ground-state energy to be zero, the H,p (atom-field

interaction Hamiltonian) in the dipole calculation become

O =—d.E (1.2.5)
Where d represents the atomic dipole operator, specified based on rq(the
atomic electron position) as

d = —er,

Where, 1, is the electron position in relation to the atom.

After compensation for the value of the H, (free atomic Hamiltonian) and
the atom-field contact can be written as the total Hamiltonian on the
following formula

H = hwgle >< e|—a.§ (1.2.6)
1.3 Resonance, Absorption is Maximized if Detuning is near

Zero
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We assume that the [32] applied field is denoted by the following
equation:

E(t) = 0.5(Eye® + Ege i), (1.3.1)
in which, E)O represents the amplitude of electric field. With E constant,
then the field is nearly resonant with an allowed transition amid the state
of atomic ground as well as the state of excite [8-16].

Between the atom and the field, we expect strong collaboration if the

atomic transition frequency between the states,weg = We — Wy, is close
to the driving field’s frequency, i.e. weg = w. It is advantageous to

transform to new probability amplitudes, which take some trivial

oscillation already into account

Ve +pg TO

C, = c,el(—=z 9 (1.3.2a)

. Ve +og ~O

Cy =celz Y (1.3.2b)

which leads to the new equations of motion

D¢ +m D¢ +og TO

3 Ve +oo TO . 1 7-'-(0 . Ee 8 = .
C. = [i(==2 g” ) — 1coe]cee1( 79 4 1cg7ge E() = Y (1.3.3)

2

Ve +mg ~0

Jeee' ™ Y +ic,

Ve +og ~O

g;'e E() =2 9 (1.3.4)

[N

C, = [i( =22 7) — i,

we introducing the detuning between the electric field frequencies and

atomic resonance

Vg — ©
2

A= (1.3.5)

13



The Rabi frequency describes the interaction’s coupling strength that is

given by:

ol
v

= E (). (1.3.6)

Q:h

We obtain the following coupled —the probability amplitudes’ mode

equations

L. = —inc, +i%c (1.3.72)
dt 2 g

d o = 1ip 12 13.7h
an—+1 Cg+13 : (1.3.7b)

€

For the case of vanishing detuning it is especially easy to eliminate one of

the variables and we arrive at

& Q2

d?Ce = —TCe (1383)
L [ 1.3.8b
ch_—4cg. (1.3.8b)

The solution to this set of equations are the oscillations. If the atom is

sometimes [14] t = 0 in the state of ground-, that is, cg(0) = 1 while

c.(0) = 0, respectively, we arrive at
C _ |Q|
(D= cos(Tt) (1.3.9a)

Co(®) = —isin(2). (1.3.9b)

the probabilities for working out excited states or the atom in the ground

arc

. = cos?(2H) (1.3.102)
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IC. O = sin’ (1) (1.3.10b)

This probability oscillates at the flopping frequency, which is reliant on
frequency (that the detuning expresses) and the laser intensity (that the
Rabi frequency expresses). However, these oscillations’ amplitude, is
solely reliant on the laser frequency, the maximum amplitude
(probability) is one when the light is zero detuned, and the probability
decreases when detuning increase, but there is always some possibility
that at certain period, the atom is in the upper state. The absorption
feature’s variation [33] in the course of resonance as a resonance
detuning’s function; rate of ionization and Rabi frequency is theoretically
simulated. It is displayed that at the inauguration of laser radiation,
absorption introduces a two-level system’s character. As the resonance
detuning decreases, the absorption intensity increases and gets to a
supreme peak when the detuning is equivalent to zero. A phenomenon
that is very fascinating is going to be observed following a given time for
laser radiation. Resonant absorption display itself as transparency. As the
rate of ionization decreases, the transparent depth increases. This is
accredited to the population evacuation in the state of excited resonant
that decreases with the rate of ionization. In addition, it is discovered that
with the frequency of Rabi increases, the resonant absorption at first

increases before decreasing after getting to a supreme, absorption
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transparency is going to emerge eventually. As Rabi frequency increases,
the transparent width also increases. We understood these to the splitting
of the level of energy (ac Stark effect) that the laser field induces. In a
situation where the resonant absorption alters to the levels of splitting,
transparency emerges at the original resonant point’s position. The
greater the frequency of Rabi is the wider the interval of the levels of
splitting is going to be. As the Rabi frequency increases, the transparent
width will as well increase.

1.4 Coherence Effects

Attracts coherent [35] between the levels of energy atomic system more
consideration and plays a highly a prominent purpose in quantum
physics. Where there are several impacts as a result of the atomic
coherence, for instance EIT (electromagnetically induced transparency),
EIA (electromagnetically induced absorption), amplification short of
inversion and coherent population tapping, etc.

In addition, the atomic coherence has been applied in several
applications, for example, the velocity chose coherent population trapping
technique in light storage and sub-recoil laser cooling. In fact, majority of
the experiments on EIA, AWI, CPT and EIT are carried out in room-
temperature atomic vapor [37] the representative phenomena of the
atomic coherence effect as a result of a multi-level atom interaction with

two lasers are EIT (electromagnetically induced transparency) and
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electromagnetically induced absorption.
1.4.1 Electromagnetically Induced Transparency (EIT)

It is [38] clear that in the atom-light interaction, nonlinear interference
impacts could bring about important as well as main occurrences, [5-16-
17-20-27] as such as transparency that electromagnetically induced it is
means whereby a destructive quantum interference phenomena whereby
optically thick medium become transparent in a narrow spectral range all
over an absorption line. In addition, this transparency generates extreme
dispersion” window" that brings about to "slow light".
Electromagnetically induced transparency can be occurs when the
medium interacts with two laser fields of specific frequencies, a weak
probe beam on a three level lambda A system and a strong control beam .
All the atoms at two photon resonance are confined in a state of lower
energy referred to as a dark state. The dark state does not consist of the
excited state; therefore, probe beam does not further get absorbed. The
transparency of the light is therefore the highest. This is referred to as
Electromagnetically Induced, which could as well be applied
electromagnetically induced transparency in several fields such as
quantum information processing, quantum optics and nonlinear optics.
The applications of electromagnetically induced transparency entail
inducing of transparency in optically thick medium, which allows four

wave mixing, creating alterations in the refractive index properties,
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upholding slow light, enabling information storage as well as quantum
computation. In order to have understanding of electromagnetically
induced transparency we will be taken into account the 3-level lambda
system that Fig. 2 illustrates with quantum lower states |1>, [2>, as well
as an upper state |3>. A near-resonant light field consisting of two phase-
coherent components of frequency the first the probe field is regulated to

the resonance w, =~ w;zand the second is the control field is regulated to

the resonant frequency w. = w,3. The laser field that drives the atomic
[49] transition amid the upper state |1> and lower state |2> is pumping (or
control laser) and the laser that drives transition between the states |1>
and |3> is the probe lasers where an electron can transition between the
states |1> and |3> also between the states |2> and |3> according to
selection rules where the states |1> «»>|3> and [52] |2> «<»|3> are dipole-

enabled transitions and state |1> «|2> is prohibited transitions

o
|3 == (u)
1

|2>
0
|1Z == (1)
0

|1=

=0

Figure2. Configuration for the interaction of three levels single lambda A system
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The atomic free-evolution Hamiltonian H,can therefore be expressed in

this basis as a matrix with elements

hw; O 0
ﬁA=< 0 hw, O ) (1.4.1.1)

0 0 hw;

Therefore we note this system will tend to settle in the lowest energy
states |1> state due to spontaneous emission from higher energy states.

The atom field interaction Hamiltonian H,p can be write in the following

0 0 dy
Harb=-E| 0 0 dy (1.4.12)
d31 d32 O

Note that many of the matrix elements of this Hamiltonian are zero. For

example, the dipole elements alzand 321must be zero for the |[1> —[2>
transition to be dipole forbidden. Additionally, the diagonal terms must
go to zero because of the spherical symmetry of the wave function.
Additionally, the interaction term of the Hamiltonian it is useful to
transform into the interaction picture of the unperturbed system. To do

that, we use the time evolution operator as following

0 0 d(1zye7i@ant
ﬁAF(RWA) = —E 0 0 8(23)e-iw<za>t (1.4.1.3)
6(31) eiw(13)t a(Bz)eiw(z;),)t 0

whereas the electric field is a sum of cosines. These can be written

instead as exponentials:
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— - 1 . . - 1 . s
E(t) — Epz(elwpt +e 1oopt) + ECE(elet +e 1wct) (1‘4‘1.4)
the nonzero elements become for the atom field collaboration

Hamiltonian under the turning wave approximation being:

0 0 E)p_)(lg)e_iwpt
~ -1 —_ — s
Har qwa) = 5 0 0 Ecdps)e™ et
E)pa)@l)eiwpt Eca(gz)ei“’ct 0
(1.4.1.5)

The Rabi frequencies of this system are defined to be

B, [d
Q, = p'h”' (1.4.1.62)
Q. = EC|:23| (1.4.1.6b)

The Hamiltonian atom- field interaction becomes

N

Aap = — 5(Qpe™ 0 1)(3] +QeeT2)(3] + Qe |3)(1] +
Q.e™'3)(2)) (1.4.1.7)

In which Q, refers to the Rabi frequency corresponding to the probe field,

whereas Q. refers to the Rabi frequency corresponding the control field.

We will write the atomic wave function as

YD) = ¢y (De @181 > +c,y (e 19282 > +cz(De @33 > (1.4.1.8)

We need to solve the time-dependent equation be using relation [14]

L dW(D)
ih e

AY(0) (1.4.1.9)

Which can be further solved such that there is a dark state, which is only
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states’ linear permutation |1> and |2> if the system is in what is known as
the dark state which occur when the two photon detuning is equal zero:
ID) = c; (D)1 > —c,(D)]2 > (1.4.1.10a)

With coefficients given by

Q Q
c p |2>
/Ql%mg /Ql%m%

This 1s a dark state, and we note that the dark state contains no

ID) = 1) — (1.4.1.10b)

components of |3> because it cannot absorb or emit any photons from the
applied fields which results in the lack of absorption within the medium
at the given frequencies because transitions to the |3> state are no longer

allowed and thus energy cannot be absorbed from the photon.
1.4.2 Electromagnetically induced absorption (EIA)

EIA (Electromagnetically induced absorption) is opposite phenomenon of
EIT in a sense that [39] in a situation where a sharp peak characterizes the
absorption spectrum, this impact is named EIA (electromagnetically
induced absorption) has been witnessed during the interaction of co-
propagating, orthogonally polarized probe as well as pump beams with
hyperfine transition[10-12].

However, in a closed system when the pump as well as probe beams have
diverse polarizations, coherence transfer excite to electromagnetically
induced absorption EIA.

Here EIA is correlated with creation of light induced Zeeman coherences

21



and their transfer to ground condition by impulsive discharge in the
excited condition. This come about in the absence of ground state
population trapping on the state angular moment of the excited condition
is higher as compared to the one of ground condition and due to also [36]
lasers duo two levels of degenerate atomic. Additionally,
electromagnetically induced absorption can also arise when population
transfer by collisions from the ground condition to an immediate level,
which does not intermingle with the pump, is greater as compared to that
from the excited condition. However electromagnetically induced
absorption is observed in an open system, when the both of beams have
same polarizations. It is important to note that electromagnetically
induced absorption can only occur in the absence of population trapping
and systems which behave as open A systems, which is not the same case
to electromagnetically induced transparency. These systems can show
both positive and negative dispersion. It is said be that absorption in these
systems is reported have a peak at the line center accompanied with

negative dispersion.
1.5 Four wave mixing in potassium mass number 39

The potassium isotope with mass number 39 has small hyperfine splitting
compared to other alkali element. [1-2-3] It may behave qualitatively
different in four waves mixing; this splitting is comparable to Doppler

broadening. In the outermost shell, as an alkali atom, it has just one
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electron while the core electrons protect the charge of the nucleus. As
compared to the Doppler width of the optical transitions, the ground level
frequency splitting is smaller and the spectrum of potassium is much less
than those of any other alkali atom such as Na, Rb, and Cs, the hyperfine
evolutions that start from a lone ground level are totally overlapped.
Moreover, the components of hyperfine from the ground conditions levels
could not be determined spectrally.

[44] FWM (Four-Wave Mixing) refers to a phenomenon third-order for
non -linear process that syndicates three waves with the purpose of
producing a fourth one, interaction of light and medium between electric
field’s four means, whereas these means are interacting with the medium
[6]. All alkali atoms apart from Fr and Li so far were applied as gain
medium for FWM.

FWM system comes from ability to generate quantum field correlations.
Increased quantum correlations is present because non- linearity in such
system is generated by coherence effect and “spontaneous free emission”
rather than large populations of excited states and saturation.

[31] Diverse patterns have been applied in creation of paired photons, a
point in case is atomic scheme usually employed in generating twin
beams (higher gain of the probe and the conjugate beams) being off-
resonant FWM in a scheme of dual lambda A, that check using D1 line of

39K. Therefore, [40] the conjugate and the gain of the probe is described
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: : P P, :
by using these relations szpfp and GCZPf, respectively, where B, and P,

mn mn

are the probe and conjugate’s measured powers, in that order, and P;, is
original power of the probe seed in the escalating medium.

In 39K, the D1 line is illustrated in figure.3, modeled as a four-level
system that has a two hyperfine ground conditions levels and two levels
of hyperfine excited. Generally, the excited state’s hyperfine structure is
hereby not taken into consideration, and it is taken to be a single level.
Moreover, Fig4 illustrates the hyperfine levels’ coupling of an alkali atom
using a double lambda A scheme. Level [3>is 4P/, , [31] whereas levels
|1> and |2> refer to hyperfine levels 0of 4S; /,, F=1and F =2,

respectively.

/ F =2(20.8)

Py — — — —

N\

F = 1({—34.7)

770108 mmm

F = 2(173.1)

3 K_ T T (461.7)
‘L F = 1(—288.6)

Figure 3: Optical of the [44] D1 —line’s transitions of 39K
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Figure 4. At D1 line, double A scheme of an alkali atom. HFS - hyperfine splitting, A - a
photon detuning, o - dual photon detuning. HFS of the nP1/2 (i.e.|3>) level is trivial than the

ground condition HFS.

The initial A scheme comprises the strong pump, which pairs the lower
sublevel of hyperfine |1> of the ground condition to the excited phase |3>
with the a single photon detuning A of usually numerous hundred MHz
A different “leg” of the initial lambda A scheme is the feeble probe,
which arouses the Stokes scattering from |3> to the sublevel of higher
hyperfine |2> of the ground condition, with dual-photon detuning 6.

The pump is adequately sturdy such that it is capable of driving the off-
resonant transition commencing from |2>. Freshly generated conjugate
closes the second A scheme via interesting anti-Stokes scattering to the
lower sublevel hyperfine of this atomic scheme is that of an ordinary

[31] EIT (electromagnetically induced transparency), and under particular
circumstances, becomes FWM: by a proper choice of parameters.

Whether system is going to behave as parametric amplifier or (EIT) is
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reliant on laser detuning, primarily on pump power and atomic density.
Large parametric gains were observed in alkali vapor in frequency region
where concept of (EIT) is not valid or has negligible effect. Processes of
resonant absorption in ordinary EIT result in large absorption and losses,
and therefore probe gains >> 1 and generation of conjugate beam were
observed in frequency region with large pump beam detuning and high
atomic density.

1.6 Slow and Fast Light

With the use of material system, there is a possibility of exercising
control of the propagation of light pulses’ velocity. The slow and
extremely propagation (which is slow as compared to the vacuum’s light
velocity) as well as fast propagation (that exceed the of light’s vacuum
velocity) have been witnessed. [4] To understand that, one must
distinguish between light field’s group velocity and the phase velocity.
We note that the velocity with which a pulse of light propagates via a
material system is provided by the group velocity. That one speaks of
“fast” or “slow” light [28] depending the group velocity value v, as
compared to the light velocity ¢ in vacuum. Slow light is the condition

Vg K cand fast light is light traveling faster as compared to the light’s
speed in vacuum this could happen in a situation where v > c orin a

situation where v is negative. This negative group velocity match up to
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the situation where the pulse’s peak transferred via an optical material
appears prior to the incident light field’s peak enters the medium.
Generally, the transit time T through an optical medium could be
exemplified as [30]

T = L/vg (1.6.1)
in which, L stands for the medium’s physical length. When v, is negative
therefore, the transit time via the medium will be negative as well.

We review the group and phase velocity’s basic concepts as mentioned
earlier. We start by taking into consideration a monochromatic plane
wave of angular frequency w that propagates via a refractive index’

medium n this wave can be denoted by
E(zt) = Aelkz=09 4 ¢ ¢, (1.6.2)

In which k = “T“)

We describe the phase velocity v, to be the velocity whereby points of
constant phase move via the medium. Because this wave’s phase is
denoted by

@ =kz — wt (1.6.3)
Constant phase points move a distance Az in a time At

kAz = wAt. Therefore v, = Az/Ator v, = w/k = ¢/n.

In a situation where this pulse is to propagate short of distortion, the

constituents with different angular frequency w should travel with the
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same phase velocity. For this to be expressed, thought arithmetically, we

first write the wave’s phase

nwz

@ =—— wt. (1.6.4)

C
And require that there ought not be altered in ¢ to first order in
W——t+——t= (1.6.5)

That could be written as z = vgt in which the group velocity is denoted

by[29]

vg=;r£§E==dw/dk (1.6.6a)
dw

Vg = ¢/ng (1.6.6b)

Where the group index is

d
ng=n+w,-. (1.6.7)

.odn . : : :
Note that if d—z) is non-zero, the group velocity can either increase or

decrease. An increase in velocity yields fast light and a decrease yields
slow light. Slow light is achieved in an EIT system (among other ways)
through positive dispersion due to changes in the absorption. Fast light
can be achieved by adding another laser field that excites another
transition in the medium, creating what is known as a double A system.
This system is characterized by negative dispersion, and therefore the
medium has a group index less than one when excited by the probe and

two control fields.

28



29



Chapter 2




2. Four Wave Mixing from density matrix element for
conjugate

Maxwell’s Equations describes an electromagnetic field’s propagation
that propagate an atomic vapor, [11] and these equations govern all of
(classical) electricity and magnetism so, these four equations were
collected by Maxwell and derived the form of the fields that satisfy them
simultaneously in a number of simple circumstances. In rationalized

MKS units, the following are differential forms of the equations:

vxE="2 (2.12)
Vxﬁ=ﬁ+§ (2.1b)
v.D = p; (2.1.¢)
V.B = (2.1.d)

With constitutive

D=¢c,E+P (2.2a)

B = u,(H + M) (2.2b)
At this juncture D is the displacement, P referring to the macroscopic

polarization medium, Frepresenting the magnetic induction, and M refers
to the medium’s magnetization.

The first one is Faraday’s law of induction, while Ampere’s law is the
second one as Maxwell adjusted it to take account of the displacement
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current d D /8 t the fourth and third are Gauss 'laws for the magnetic and
electric fields. The quantities E and H are the magnetic and electric field
intensities. They are as well measured units of [ampere/m] and [volt/m] in
that order. The quantities B and D are magnetic and electric flux
densities. They are in units of [Weber/m?, and [Coulomb/m2] or [Tesla].
D is as well referred to as the electric displacement, and B represents the
magnetic induction. The quantities f and p are the electric current density
and volume charge density (charge flux) of whichever external charges.
Units of [Coulomb/m3] and [Ampere/m?] are what they are measured in.
Presence of free charges in atomic vapor at temperatures of interest are
negligible in gaseous phase for potassium atoms so, ¢y = 0 and jr = 0.
Magnetic response of atoms is usually much smaller than their electric
response below, M = 0 therefore:

VB=0,VD=0 (2.3)
we first derive wave equation for the vacuum. Given that the curl of

Faraday’s law both sides. We could apply the expression for the “Curl of

the curl” to evaluate the curl of electric field’s curl
Vx(VxE)=V(V.E)— (V.V)E [14]
=V(V.E)-V.VE

=0-V2E [14] (2.4)
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given that V X E= % and V x B = /,1060 that leads

v x (7 xE) ==2(v xB) (2.5)
-9 oF 9%E
E(I«‘oeo E) = THo€o 5z (2.6)
Where V. E = 0

N 2p 2p N
—V2E = —pye, 2t 5 2L = L p2E, 2.7)

6t2 atz Ho€o
This expression recounts the electric field’s temporal and spatial second
derivatives and is referred to as the wave equation.

The speed is therefore:

1

v Ho€o

c= ~ 3.108m/s.

It will be compensate for the velocity of light in the propagation equation

we obtain
2 - LO%E
VE = =02 (2.8)

The quantities €pand p are the vacuum permittivity and permeability.

Similarly we derive wave equation for atomic vapor.

Vx(VxE)==22(VxB) = —posVxH=—po5 (7 +3) (29

d 9%E 0P
~tto (5 0F + £ 55 + ﬁ) (2.10)
92%F 92p
|7><(l7><E)+u00 +u0€0 = ~Ho s, (2.11)
—V2F + + 0%k _ _, 2P 2.12
MoU Hoéo 5z = ~Ho 5z (2.12)
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Where, o is conductivity. We will neglect the term with conductivity
(o = 0) since atomic gas is weakly ionized.
Assuming that the electromagnetic field is a plane wave that propagates

along the z direction, we therefore disregard the dependence of x and y

onk. Therefore, VE = 0, then reduces to

= 0%E 9%P
—V2E = MOEOF_MOF (2133)
= 0%E 0%P
V2E — ,uoeoﬁ = Ug ez (213b)
To compensate for the speed of light we get
pRE - LZE_ 1L O°F yefor
c2 9t2  c2e, Ot2 cretore,

92 1 9%\ g 1 9%P
Gr—zom)E=ae5e .19
Then the density matrix’s elements @ are denoted by
Onn = (n|0[n) (2.15a)
Onm = (n|@|m) (2.15b)

The density operator’s diagonal elements, 9,,, = (n|n) are named
populations, and give the system’s measurement probability in the state
In> similarly off-diagonal elements, g,,,, = (m|n) are referred to as
coherences between states |n) and |m).

The atomic dipole, in the situation of an electric dipole changeover, could

be written in the density matrix’s system as
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(d> = —€ Zn,m Qn,m(mlFln) = Zn,m Qn,mdm,n (2.16)
we are aware that the sum is just the product’s trace of the density and

position operators. The electric field’s propagation could be termed as

(3~ 9% E = e,y Znm o 0nm @17
Where [43] N refers to the number of atoms and V stands for the volume
while c is the light’s speed. However, in a situation where the evolution
could be designated in a Hamiltonian terms, it could therefore be revealed
with ease that the following determines the evolution duration of the

density matrix

a—i@(t)z—%[ﬁ,@(t)]+§ﬁ+ R (2.18)

In which the Hamiltonian and the density operator are communicated by
the term in square brackets [16], where H stands for the Hamiltonian that
describes the atomic reaction to the electric field. And [31] SE represents
the impulsive discharge from the excited conditions, while R stands for
the relaxation as a result of collisional dephasing and atom transit time
induced loss that is equation called is the Optical Block Equation. It is
expedient extracting the fast-oscillating time dependence of the electric
field as well as the polarization with the use of the slowly-varying phase

approximation and amplitude. An electric field that is almost-

monochromatic could be parameterized as its polarization unit vector’s
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product, € as well as an envelope function, £(z, t)
E(z t) = e(z, t)e*zwte 4 complexconjugate.

In which ¢ is differs gradually in time ¢ and z direction, in comparison

with the optical frequency w as well as the wave vector k = % :

% K ke,% K we.

In the same way, the electric dipole moment’s oscillation frequency is
mainly determined by the electric field’s frequency.

2.1. a Mathematical Formulation

For simplicity consider a two-level atomic system, so the excited levels
and ground will be designated |e) and , |g) correspondingly, and the
resonant frequency denoted by w, (i.¢., the splitting energy of the states’
pair is hw,) and the transitions to other levels are negligible because of
consider near-resonant interactions. Then the unperturbed atom’s
Hamiltonian can be written as:

Hy = hogle){e] (2.1.a.1)
Suppose the atom is placed at z = 0 in an electric field of frequency w,
the field contains both positive- and negative-frequency modes in general
given by:

E(zt) =Fy (2)e @+, (2)e (2.122)
The overall Hamiltonian for the field and atom can be written as a

summation of the atom—field interaction Hamiltonian H,p and free
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atomic Hamiltonian H,.

H=H,+ Hup (2.1.a.3)
Then under the dipole approximation the interaction Hamiltonian can be
expressed as product of the electric field vector and the dipole moment

as:

- g

Oy =—d.E (2.1.a.4)
Here, d is the atom’s dipole moment operator. The atom does not have a
dipole moment when it is in an energy eigenstate, so <e|a|e> = (g|a|g> =
0, mark the vanishing of diagonal matrix terms of d. This means that
defining Heg = (e|a|g), that leads the off-diagonal matrix element are no
vanishing.

Multiplying both sides of d we by the identity T = |e}e| + |g){(g|, we can
write the dipole operator as:

d = (gfdle)(I2)el + leXeD). (2.1.a5)
The total atom—field Hamiltonian can thus be written as

f = Hy + Aar = hoole)e| — (gldle). E (g)el + leXgl). (2.1.2.6)
Where the excited-state projection operator is denoted by |e){(e|.

Moreover we can do the same for the dipole operator and analyze into

rotating parts (both negative and positive)

d = (gldle)(le)el+leXel)
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—_ + —_\
i RENI (2.1.a.7)

Where d® and d ) Compensation for the values of both dipole operator
and electric field vector in equation for the atom—field interface

Hamiltonian Hr we get:
ﬁ AF — —a) . E)

= —({e[d|e)leMe|+{g[dle)l@e]). Ee” @e ot + B et

=) () - =(+) =) - —(=) =) -
=—(d .Ey @e ™+ d Ey @e|eNg|—(d .E; (e +

i B @eog >< ef 2.1.2.8)

?1(1)01:

Fiwet F(x
ot E® ~ e

Recall the time requirements, d® ~ e
Through this equation it is clear that the first two elements rotate quickly
while the last two elements (cross) rotate slowly that means that in the
RWA (rotating-wave approximation) we only keep the slowly varying
components in the interaction Hamiltonian to illustrate more, the laser
field’s detuning from the atomic resonance given by A= w — w, so the
terms in the Hamiltonians which oscillate with frequencies ( w + w, ) are
neglected due to fast oscillating terms while terms which oscillate with
frequencies ( w — wg ) are kept due to slow rotating elements. This

calculation is called the RWA (Rotating Wave Approximation), where, w

represents the light frequency and w, represents a transition frequency.

2.1. b The Rabi Frequency
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The rate at which the population difference between the excited states and
ground oscillates and is proportional to the EM field strength is called the
Rabi frequency. Rabi frequency equals to frequency splitting of the
optical field seeing in the relations of a monochromatic wave with a
double level atom.

Definition

For simplicity we consider a two-level atom with an applied field in the
rotating-wave approximation (RWA). Therefore the atom —field

interaction Hamiltonian in the (RWA) is [15-13-18-19]

+) =(— —(— —(+
().E()—d().E( ).

M =—d.E=—d (2.1.b.1)
Using both equations for electric field and dipole operator in case
dependence on the time. [38] In this picture, we can denote the atom-field

Hamiltonian

. =0y =) ; =(+) —i
Har = —<g|d|e>(E0 lg) (el € +Eg " |e)gle™™)

=12 (g el + [e)(gle ™) (2.1b2)

In this case, to find a Rabi frequency we have assumed that the electric

field positive component is real

o dlelE
o= - lof _ (iR, (2.1.b.3)

2.2 The Maxwell Bloch Equations

While the Bloch equations define the change in the polarization of the
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medium, the Maxwell equations define the change in the electric field.
The two combined are called the Maxwell-Bloch equations [7- 8-13 -14-
18]. Consider a two level system driven with Rabi frequency (). The

density matrix, for two-level atom is

. Qgg Qge
Q_(Qeg Qee) (2‘2‘1)

the square of a probability amplitude is the diagonal matrix elements, and
coherences can be defined as the off-diagonal matrix elements. The

density matrix for the pure state is as considered above.

(12 )2
g_<_i P /2) (2.2.2)

the coherences are not zero, and indeed. In defining the evolution in terms
of a Hamiltonian, it can be definitely demonstrated that the density matrix

of the time evolution is described by the following equation [15]:

d 1 [+ -~
f = — 5 [A, + Hap 0] (2.2.3)

Where H,, the field- is free Hamiltonian and H g is the interaction
Hamiltonian. However, the procedures that cannot be labeled based on a
Hamiltonian can be included using density matrix formalism. This
enables us to take in the impacts of spontaneous radiation. In an occasion
that the |e) (excited state) decays at rate I', then the time evolution of the

groups caused by spontaneous radiation, in this case Qggis

dQee — _ ngg —

el N O (2.2.4)
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We note from the previous equation the impact of spontaneous radiation

on the coherences is unclear

do,, T doge T
a 2% Tar T T 2%

(2.2.5)

The motion equation for the density matrix, comprising the Hamiltonian
element caused by the contact with the exterior field and spontaneous

radiation become of the form

do i1 _FQee EQge
S — A0l -| | (2.2.6)
2 Qg FQee

Applying the time-independent state of the Hamiltonian

A= f(g _522 N 2.2.7)

Where, A is the one photon detuning and Q) represents the Rabi frequency.
With matrix terms of the Hamiltonian, it is an possible to create the
equations of motion for the matrix terms of the atomic density, then we

obtain the set of equations

2 iQ /. ~ ~

Qgg = 17 (Qge - Qeg) + I'Oee (2.2.8a)
. i, - _

Qee = - (Qge - Qeg) — I'Qee (2.2.8b)
2 iQ /. ~ A~ r .

Qge = _1? (Qee - Qgg) — 1AQge — 5 Qge (2.2.8¢)

2 iQ /. ~ C A~ r .

Qeg = l? (Qee - Qgg) + lAQeg —3 Qeg (2.2.8d)

These equations (2. 2. 8abcd) are known as the optical Bloch equations
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for a double-level atom and such equations define the free development

of the double-level atom in the conventional monochromatic field.

2.2.1 Maxwell-Bloch equation for Double-Lambda system

We have a model consisting of four-level atom whose configuration is
indicated in Figure 4. This scheme comprise four wave mixing [31]
considered as atomic structure with two excited levels and two ground
levels. We assume that the pump couples drives transitions between
levels |1>and |3> and also between levels |2> and |4>. The probe couples
also drives the |2> and |4> transition and conjugate couples drives by
levels [1> and |4>. With these assumptions can be drive the total electric

field is given by

—

E = Yicape& Eemiomikr 4 ¢ c, 2.2.1.1)

Where the quantities Ei(+) are the gradually changing packets of the pump
and probe and conjugate fields at positive frequencies.

Using Hamiltonian's total equation for the atom field system is denoted
by

A=Hy+ By =38 o i >< i — d.E(,b). (2.2.1.2)
Where the quantities Hy, H, are the free atomic unperturbed
Hamiltonian of the system, interaction Hamiltonian respectively. Also
hw; 1s the atom energy (where i is indicates pump or probe or conjugate

frequency) and d is the moment of atomic dipole. The atomic dipole
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moment has non-zero elements only for dipole allowed transitions

/ 0 0 dii3y  dig
0 O

3| dzg) ez |

d(31) d(32) 0O 0

da1y  dae) 00

The Bloch equation for density matrix element has the ability to describe
the atomic dynamics

6=—:[A+g]+SE+R, (2.2.13)
The quantity SE stands for spontaneous radiation from the excited states,
and R represents relaxation terms because collisional dephasing (time of
the flight and dephasing) and atom transit time-based losses. The
spontaneous emission cannot be formally incorporated in the atom
Hamiltonian. It emerges with the interaction of the electromagnetic field
treated quantum mechanically [22]. Full description starts with the
composite system A+E where A stands for the atom and E for the
environment which is EM field in our case. States are defined in a Hilbert
space formed as a tensor product of Hilbert spaces for atom and
environment. It evolves according to Schrodinger equation with
Hamiltonian acting on composite Hilbert space. Since we are only
interested in the state of the atom a partial trace over environment should
be performed. General discussion of this problem leads to Lindblad

equation [23]. Because partial trace leads to mixed states it is the equation
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for the density matrix. It is different from Liouville-von Neumann

equation for an additional term

: i 1 1

p=—=[H,p] + ZiTi(LipLf —JLILp —2pLiL)

Here I'; are constants and L; are operators which are non-hermitian. In

our case the sum over i is the sum over allowed transitions so 1 =1, 3”,

”1,47, 2,37, “2,4” and Lindblad operators are given explicitly as

0 0 1 0 00 0 1
L,=[0 000}, _(0000
2=lo 0o 0o of**T\0o 00 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
L.-(oo 10}, _foo0o01
23=1o0 0 0 of2+~\0o 0 0 0
0 0 0 0 0 0 0 0

Then the spontaneous emission is determined by relation

—

SE =
134023 F144T24
[73033 + 714044 0 —— 5 Qi 7 5 Qu
0 [53p33 + 12,4044 _ T3l _Tiatls
I 2 23 2 24
_ 1,3 2,3 F1’3+F2'3
2 31 T, Q32 —I13p33 + 123033 _ TuatlaostTaatlag a4
_ F1,4+F2,4 Q F1’4+F2'4 F1'3 +F2’3 +F1‘4+F2'4 2
2 41 ;. Q2 2 Q43 —114044 = 124044

and the relaxation terms is [32]

S " . (11 ~ :

R=—y [Q — diag (5,5, 0,0)] ~ Ydepn[@ — diag(Q11, @22, @33, Qa4)].
(2.2.1.4)

Substituting the total Hamiltonian from (2.2.1.2) into equation (2.2.1.3)

[31] gives rapid rotating terms in g}, after substitution we get
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8y = e7'eaikar o, (2.2.1.5)
Here, w;) are various angular frequencies

frequency for pump is W) = W(24) = W(13), and angular frequency for
probe is () = w(23), while angular frequency for conjugate is w() =
@19 AN W(12) = W13)~W(23) AN W(34) = D(14)~D(13)

Where k(; ;) are wave vectors of calculations of wave vector

wave vector for pump is Ky = K24y = K(13), while wave vector for
probe is Ky = K(23), also wave vectors of conjugate is K¢y = K14,
Ka2) = Kaz) — Kes), K@a = Kaay = Kas), With ke = 2ka) — kg =
AKk,, where the geometric phase mismatch is Ak.

In the rotating wave approximation, oscillating elements with the total

frequencies are ignored. One photon detuning can be defined as A¢;3y= A,
while two photon detuning as A(132y= 6. The writing of medium’s

polarization can be in terms of the atomic eigenstate, so as to be in the

form:

P =NY,udna0, e 0m (2.2.1.6)

-

Where, };,mis the summation of the involved atomic transitions, dp,
represents the dipole matrix term between n and m levels, @, ,stands for

the density matrix term between n and m levels in a rotating structure,
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and wy, ,, represents the frequency of the field that connects the transition

between levels n and m.

Moreover, this can be solved using the last equation for polarization to
write the propagation expressions for the gradually changing packets of

the pump and probe and conjugate field on the z direction such equations

are:

(% + %%) B = j %d (@(42) n @(31)), (2.2.1.7a)
( ag +% %) EG) = %dé(”) (2.2.1.7b)
(% n %%) E® = %dé(m), (2.2.1.7¢)

Here, N is the atom density, c is the speed of light, while k represents the
wave vector.
From above relations finally we can write the optical Bloch equation for

double lambda system [25]

A _ (] AN (+)

Q=7 (5 - Q11) t 13055 + T4, t+7 (Ed do;; —E; "de; +
E£+) do,, — Et(er)dQM)'

Y L p®” _E™®

0y =7 (2 sz) + 123055 + 1240y +5 (Ep dos, — E;77dey; +
E§+) de,, — Ec(1+)d924)’

PO i () )" (+) ()"
Q33 = —0Q33Y — 13035+ 5(Ed de,; —Eg'” dey, + Ej"de,; — Ej dQ3z)
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A _ - NECON izAk; (1)
0, =— (y + Y deph + 1A132) e, t P (Ed dQ32 — e Eq "do,, +

eizAkEg+) do,, - Er(>+) d 913)

é13 - (y T Vdeph T r2_3 + iA13) Q3 T % (EC(1+)*dQ33 B Ec(11+)*d911 +
B do,, — EpY doy,)
Q4 =
- (y + Vgepn + % + iA1324) 0, + % (E((1+)*dg34 — e‘iZAkEgl+)*dQ12 +
E£+)*dg44 - E£+)*dQ11),
a23 == (Y + Ydeph + % + iA13) Q3 + %(Er(>+)*dQ33 o Eéﬂ*dgm +
e—izAkEc(1+)*dQ43 — Eéﬂ*dgzz),
é24 = - (V + Yaepn T % + i41324) Q24 T % (Ec(z+)*d944 - Egr)*szz +
eizAkEz()+)*dQ34 _ eizAkECH)*dQZl)
634 = - (V + Yaepn t % + % + 144324 — iA13) 034 T % (Ec(z+)dQ14 -
e—izAkEC(l+)*dQ32 n e—izAkEIg+)dQZ4 _ E§+)*d931)

Here, Egﬂ ,EF(,J’), E£+) represents field amplitude of positive rotating
components for the probe, pump, and the combination, respective.
y is the relaxation rate, Ak is the phase divergence described as

Ak =2k — ky, — k., where kg, ky, k. are the pump and probe and
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conjugate wave vectors respectively, where yg.pp, is the dephasing decay
rate, [46] A3 1s one photon detuning, A;3, is two photon detuning, A;3,4
is the [31] overall level |[4> detuning defined as

D324 = (de - (Up) — (wg — wy),

where [j; is the population rate of decay from level j to level i. When

deriving such equations, it was supposed that the overall rate of decay of
the excited states are the equal and have comparable branching

proportions to the two grounds states, i.e., I, =T 4 + I, 4 and I3 =

F1’3 + F2’3, this leads to F4 = F3 =Y andFlA = F2,4 = F1,3 = Y/Z
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Chapter 3




3. Important Quantities

3.1 Speed of light and Group Velocity

The symbol c represents the velocity of propagation of electromagnetic
waves including light waves, which is comparable to the speed of light in
a vacuum (free space). This symbol is therefore an important physical
constant. The light velocity in a vacuum plays a fundamental role in
current physics as c is the reference speeds of transmission of all physical
phenomena and is constant, i.e., is unchangeable under a transfer from
one reference point to the other. A signal can only be sent at the speed ¢
in a free space, but no signal can be sent at greater speeds thanc.
Therefore the speed of all electromagnetic radiation in vacuum is the
same, approximately 3 X 108 meters per second. Usually, light cannot be
transmitted at a speed equal to ¢ in a medium. Different forms of light
wave will always propagate at various speeds, for instance the speed of
light in a clear medium is usually below the speed, c, in a free space.
Refractive index (n) of the medium refers to the ratio of the speed in a
free space to the speed in the material defined as
n=c/v, (3.1)
the symbol, n, is always greater than Isince the speed of light is highest
in vacuum.

Now the phase velocity for an electromagnetic wave of angular frequency
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o is given by

v, = w/k (3.2)
where wave vector symbol is k .

Whereas the velocity's of group the velocity with that wave packet
obtained due to superposition of wave traveling in a group is famously

known as group velocity and denoted by is v,
v, =dw/dk (3.3)
It is known that k for the value of w = kc/n we get [19]

— == 2 () (3.4a)

vg_dw_a c

éz%(n+w2—2) (3.4b)

c

Vg = @ (35)

3.2 Full width at Half maximum

FWHM (Full width at half maximum) is a variable applied in describing
the measurement of a peaked function or curve [21]. It is denoted by the
space between two points on the curve where the function attains half its
peak value and the horizontal separation between the two points is
referred to as the FWHM.

FWHM is applied to such phenomena as the sources’ spectral width used
for optical communications as well as important measure of the quality of
an imaging device and its spatial resolution.
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Can be obtaining the full measurement of the Gaussian curve at half the

maximum as follows:

—(x—x0)2

f(x) =A4e (3.2.1)

The parameter A is the height of the curve's peak, o represent the
standard deviation, and x represents the estimated figure.
Then we can derive the correlation between the standard deviation and

FWHM as follows:

% = exp [_(x;—zx")z] (3.2.2a)
CoX0P 2 (3.2.2b)
(x — x¢)? = 0%In2 (3.2.2¢)
X1 = Xo £ aVIn2 (3.2.2d)
X, —x; = FWHM = 20VIn2 (3.2.2¢)
FWHM = [2VIn2]o (3.2.3)

Note that in the previous relation, the width is not related to the estimated

value x,.
3.3 GAIN

The gain also called the amplification factor, it known is the extent to
which a device boosts the strength of a signal, it's symbolized by G. [1-
25] Therefore the gain from the four wave mixing (FWM ) process, is

measured experimentally as followings
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G=-t (3.3.1)

Where the power of the output beam is denoted by Pp and the power of
an input probe is Pp. The output gain is determined by a number of
factors, such as the input angle of the seed, the two photon detuning 6 and
one photon detuning A, the intensity of the pump, and the cell

temperature.

Praobe

3 I3 4 ¢ Pump o
/ Gain Medium § /

Conpugate

I=0 I=L
Fig5. Scheme of Potassium Cell and input and output fields

Fig. 5 demonstrate the gain for the probe as well the conjugate fields
using the ratio between input probe power and output field power.
G = Pout/Pin (3.3.2)
where P,,; represent the output power and Py, is the input power of a
CW input signal. From this relationship can be inferred the gain for probe

beam following as

_ PP*Y¥(z=L) _ |ep'**(z=L)|?

Gp = = 2
P P}r)nax(zzo) |8173nax(Z=0)|

(3.3.3)

Similarly it will be Use same as relationship to find the gain for conjugate
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beam

_ PI*¥(z=L) _ |eg***(z=L)I?
- - 2
PRX(Z=0)  |epre¥(z=0)|

G, (3.3.4)

Where Pp is the probe power and P. is the conjugate power
3.4 Continuous Wave Results

The gains of two beams (probe and conjugate) in this section was
presented as a function of one of four wave mixing parameters, two-
photon detuning, one photon detuning, gas density, and angle between
probe and pump. We will show the dependence on any of this parameter
depends, sometimes vary strongly, on values of other parameters. We

present comparison between thin cell 1 cm and thick cell 4cm.
3.4.1 Thin and Thick cell, Strong Pump Intensity

We present in [31] this aspect the results we got with these common

parameters: propagation distance zmax = lcm or 4cm, electric field
amplitude of the pump E((iﬂ = 9800 g, that corresponds to Rabi frequency
Omega Q4 = 3.23GHz and electric field amplitude of the probe

EI(,+) =719 g , that corresponds to Rabi frequency Omega

Qp = 22.6 MHz, electric field amplitude of the conjugate is Egﬂ =1,

that corresponds to Rabi frequency Omega O, = 330 KHz, gamma

-3
= 10° MHz and depasing rate = 0, atom density is Nc = 1 * 10'%cm ~,

one-photon detuning is A= 2 * pi * 1 * 10° GHz, anglels between pump
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and probe and pump and conjugate $ = 7.5 mrad, two photon detuning
for thin cell 1 cm and thick cell 4cm are: 6 = —1.10 * IOSMHZ, o=

—0.80 * 103MHz. Electric field amplitude of the conjugate at z = 0 is
taken to be 1 because numerical instabilities may occur if initial value

was 0 in the code.

3.4.1. a Adopt the gain on the angle between the pump and

probe

FWM phase matching produces conjugate and probe gains in terms of the
angle between the probe and the pump. Fig.6 present calculated conjugate
and probe beam gains in terms of the angle 9. Depending on values of
some factors, phase matching condition is met at various angles 9. The
gain for longer cell is higher than the gain for shorter cell, as expected,
but also the peak is narrower, and density greater. From the figures,
FWM gains happen in a small range of angles, where the biggest is away
from zero. This is due to the phase mismatch. Three coherent
electromagnetic fields are propagating through the medium. But each of
them have its own refractive index. So wavelengths are compressed by
different factors. The consequence is that, for propagating waves, the
phase mismatch will build across the cell. If the parameters are correctly
set to cause FWM at the entrance of the cell, then after a while phases of

the waves will be out of synchronization and so the process of four-wave
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mixing will not extend and only absorption will happened. We see this as
a very low gain at 9 = 0 in this graphs suppose now that an [50] angle
exists between probe and the pump. By projecting the two lasers’ waves
on the propagating direction their wavelengths will be compressed
differently, so this added shrinking of wavelength may compensate for
different compression of wavelengths caused by different refractive

indexes. From the graphs we see that at around 9 = 7mrad phase
matching condition Ed + Ed = anp + EC 1s restored. In such equation it

is used the fact that ng and n. are approximately equal to 1.
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FIG.6. The conjugate and probe beams' calculated gain in terms of the angled, for one pump
power,2 = 3.23GHz, Nc = 1 x 10*8cm™3. For lem cell (a, b). § = —1.10 * 108 MHz, A=
1GHz,9 = 7.5mrad. For 4cm cell (c,d).§ = —0.80 * 108MHz, A= 1GHz,9 =

6mrad
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3.4.1.b Dependence on one — photon detuning

Calculated conjugate and probe beam gains [48] in terms of one — photon
detuning in Fig. 7, [31] potassium possesses much bigger Doppler
widening than any other alkali, of the order of 1GHz. The extents of A for
big gains of FWM system that uses double A scheme is determined by
the width of Doppler line widening in hot alkali fumes. The gain for
longer cell is higher than the gain for shorter cell also the peak is wider
see figures. The dependence on one-photon detuning exposes the
difference between one-photon and two-photon resonances. One of the
conditions for FWM is that two-photon detuning is in the MHz range, so
it is near resonant. One may expect a monotonously decreasing
dependence of four-wave mixing on one-photon detuning. But that is not
the case. At low OPD there is a parasitic effect that restrict the gain in the
medium. It is simply one-photon absorption of the pump photons. There
is a competition of this two effects. One-photon absorption inhibits the
gain while two-photon absorption created four-wave mixing. For small
OPD former affects the final result, while for higher FWM is uninhibited.
Of course for too big one-photon detunings there is not enough power in

the pump laser to drive two-photon transitions so gain tend to zero.
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FIG.7. The conjugate and probe beams' Calculated gain as a function of A, for one pump
power, Q = 3.23GHz, Nc = 1 x 10*8cm™3. For lecm cell (a, b), § = —1.10 * 108 MHz, A=

1GHz,9 = 7.5mrad. For 4cm cell (c,d), § = —0.80 * 108MHz, A= 1GHz,9 = 6m

3.4.1.c Dependence on two - photon detuning

Fig.8 presents the dependence of twin beams' gains as a function of 9.
The Figure contains results that show that gain maximums, at maximum
two photon detuning dm, are [31] move from two photon resonance (& =
0). Such a transfer is primarily due to the differential Stark move smallest
two photon detuning ds, of two ground state hyperfine structure because
of different detuning from the non-resonant pump. Maximum two photon
detuning dm moves to larger d as one photon detuning A increases.
Maximum of gains are depending on A and potassium density and for all

other parameters fixed, it is more negative if A is smaller. The gain for
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longer cell is higher than the shorter cell also the peak is wider. As a

nonlinear process FWM relies on two-photon resonance. In the similar

manner as one-photon detuning causes drop in one-photon absorption the

two-photon detuning decreases gain of FWM. Displacement of the

maxima in Fig. 8. May be attributed to AC Stark shift because there is a

powerful drive laser.
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FIG.8. Conjugate and probe beams' calculated gain of the in terms of §, for one pump

power, 2 = 3.23GHz, Nc = 1 * 108¢m™3. For lem cell (a, b). § = —1.10 * 108MHz, A=

1GHz,9 = 7.5mrad. For 4cm cell (¢,d). § = —0.80 * 108 MHz, A= 1GHz,9 = 6mrad

3.4.2 Thin and Thick cell, Medium Pump Intensity

The results of twin beams' gains are present with these common
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parameters:

propagation distance zmax = lcm or = 4cm, electric field amplitude of

the pump E((iﬂ = 6000 g, that corresponds to Rabi frequency Omega

Q4 = 1.94 GHz and electric field amplitude of the probe EI(,+) =719 g,

that corresponds to Rabi frequency Qmega Qp = 22.6 MHz, electric field
amplitude of the conjugate is E*) = 1, that corresponds to Rabi

frequency Omega Q_, = 330 KHz, gamma = 10° MHz and depasing rate

= 0, atom density is Nc = 1 * lolgcm_3. One-photon detuning is
A=2xpi*1* 10° GHz, anglels between pump and probe and pump and
conjugate 9 = 2.8 mrad, two photon detuning for propagation distance
zmax = lem and = 4cm respectively. Are & = —0.90 * 10° MHz,

5 = —0.60 » 10° MHz..

3.4.2. a Dependence of gain on angle 0

Graphs in Fig. 9 are obtained for one pump Rabi frequency. From the
results, the FWM's gains are quite different at lower Rabi frequencies, at
lower density and power. FWM phase matching occur at smaller angles,
since gain is inversely proportional to 9. The gain for longer cell is higher
and peak is wider than the gain for shorter cell. The difference between
Fig 6. And Fig 9. is that now with lower pump intensity the phase shifts

are not so prominent so for a short cell the maximum of the gain is at

60



U = 0. In other words propagation distance is not long enough for a phase
mismatch to accumulate. There is a negative impact of phase mismatch as
it can be seen from Figs. 9¢, d where the maximum of the gain is for

positive angles 9.
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FIG.9. Calculated effects of pump power on conjugate and probe beams as a function of
angle 9, Q = 1.94 GHz, Nc = 1 * 10*8cm™3. For 1cm cell (a, b). § = —0.60 * 108, A=

1GHz, 9 = 2.8 mrad. For 4cm cell (¢, d). 6 = —0.90 * 108, A= 1GHz,9 = 2.8 mrad

3.4.2. b Dependence on one -photon detuning

Calculated of gains as a function of one-photon resonance A are given in
Fig10. One-photon detuning for maximum gains, maximuma one photon
detuning Am, are close to 1GHz, but this value moves around depending

on the value of 8. For the same angle 0, the maximum one photon

61



detuning Am will move to different value when two photon detuning 6 is
changed, and the width in the lift curve is widder than the right curve.

The gain for longer cell is higher also the peak is wider than the shorter

cell.
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FIG.10. Calculated effects of pump power on conjugate and probe beams as a function of
one photon detuning A, Q = 1.94 GHz , Nc = 1 = 10¥cm3,
For 1cm cell (a, b). § = —0.60 = 108, A= 1GHz, $ = 2.8 mrad.

For 4cm cell (¢, d). § = —0.90 * 108, A= 1GHz, 9§ = 2.8 mrad

3.4.2. ¢ Dependence on two -photon detuning 8

For lower pump power and choosing angle 9 = 2.8 mrad, gains of
beams are calculated for different two photon detuning 6 see fig.11. For

lower pump power there is no preferred angle, gains have maximums

indicating that lower pump moves peal position to smaller TPD also the
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maximum gain depending on cell length. The gain for longer cell is

higher and the peak is wider than the shorter cell.
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FIG.11. Calculated effects of pump power on conjugate and probe beams as a function of

two photon detuning §, Q = 1.94 GHz, Nc = 1 * 1018cm 3.
For lcm cell (a, b). § = —0.60 * 108, A= 1GHz, 9 = 2.8 mrad.
For 4cm cell (¢, d). 8 = —0.90 = 108, A= 1GHz, 9 = 2.8 mrad.

3.4.3 Additional results for Thin cell, Medium pump

Intensity

We show in this part the results of gains of twin beams of we got with
these common parameters:

propagation distance zmax = 1cm, electric field amplitude of the pump

E(+) 6000 , that corresponds to Rabi frequency Omega
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Qg4 = 1.94 GHz and electric field amplitude of the probe Eg) =719 % ,
that corresponds to Rabi frequency Omega Qp = 22.6 MHz, electric field
amplitude of the conjugate is Egﬂ = 1, that corresponds to Rabi
frequency Omega Q. = 330 KHz, gamma y = 10! MHz and depasing
rate Ygopn = 3 * 10*MHz, atom density is Nc = 1 * 10*¥cm™3, one-
photon detuning is A= 2 = pi * 0.8 * 10° GHz, A= 2 = pi* 1.2 *
10°GHz ,anglels between pump and probe and pump and conjugate

3 = 2.8 mrad, two photon detuning for thin cell is d = —1.2 *

108 MHz, & = —0.30 * 108 MHz.

3.4.3.a Dependence on Two Photon Detuning (TPD ) For

Lower and Higher One Photon Detuning (OPD)

We have calculated gains vs TPD, for different OPD, and gains vs OPD
for several TPD for pump power and 1cm cell. Increasing OPD, shifts
values of TPD corresponding to the gain maximums to smaller TPD,
while increasing TPD moves gain maximums to smaller OPD see figures
12, 13.(a, b, c, d).

Dependence of gains of twin beams in terms of two photon detuning for
different one photon detunings values for pump power and 1cm cell are
presented in Fig. 12(a, b, ¢, d ). The maximum of gains are at maximum

two photon detuning 6m depend on one-photon detuning and for all other
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parameters fixed, it is more negative if one photon detuning A is smaller
see figures. This is a clear evidence of the differential Stark shift.
Hyperfine energy levels have different Stark shifts from off-resonant
pump. The maximum of gain is at this differential shift. It is dependent on
OPD which is the train known from the theoretical analysis of a two level

atomic system.
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Figure 12(a, b). Calculated gain of the conjugate and probe beams dependence on TPD for
lower one photon detuning.

Figure 12(c, d). Calculated gain of the conjugate and probe beams dependence on TPD for
higher OPD, 8§ = —0.60 * 108,9 = 2.8 mrad,N, = 1 * 10'8cm™3,A= 2 x pi * 0.8 x

10°GHz, A= 2 * pi * 1.2 * 10°GHz.
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3.4.3.b Dependence on One Photon Detuning (OPD) for
Lower and Higher Two Photon Detuning (TPD)

Calculated results of gains as a function of one-photon resonance A for
lower and higher two photon detunings are given in Fig.13(a, b, ¢, d).
One-photon detuning for maximum gains, Am, are close to 1GHz but this
value moves around depending on the value of 5, slight move of Am
towards lower values when 0 is larger. Not presented in the Figure 13. but

the numerical simulations shows weekly or no dependence of the position

of the maximum on the angle between the pump and probe.
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Figure 13(a, b). The probe and conjugate and beams' calculated gain depending on OPD for
lower two photon detuning. Figure 13(c, d). The probe and conjugate beams' calculated gain
dependence on OPD for higher TPD, § = —0.30 * 108,85 = —1.2 * 108, A= 2 x pi * 0.8 *

10°GHz.
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3.4.4 Dependence on probe power

The based on the probe power gain is not so pronounced. It varies slowly
with higher input probe power leads to lower and lower gains. This may
be attributed to the saturation in FWM. Gains are defined as quotient of
intensities of the output beam and input probe. If some side effect limits
the output intensity then this quotient will go down for higher input probe

power.
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Chapter 4




4. Results

This chapter contains the presentation the numerical simulations results in
the two cases; with Doppler averaging and [32] without Doppler
averaging of density matrix components and compare it to measurements.
By using the D1 line transition of potassium vapor and we will use the
double lambda A atomic scheme under conditions of potassium vapor’s
four wave mixing under condition full width at a half maximum
determined by value equal 80ns. So therefore we have identified set of
parameters such as detuning of one-photon pump also detuning of two-
photon probe-pump Raman, and vapor density, laser powers and Rabi
frequencies, where pump intensity is set to be constant over time while
probe forms a pulse. And the comparison will be presented comparison
between results without Doppler averaging and the results with Doppler
normalizing of density matrix components.

In order to [31] consider Doppler normalizing of density matrix
components we divide the atom velocity distribution into different
number of M [32] groups, each with different z-projection of velocity v,
[24]. Owing to the Doppler effect, such groups vary in efficient detuning.

Modified propagation equations read:

(aaz cat ) E(+) Zm 1 kNCR d(Q42 m T 031 m)
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ad 10 + kN ~
(_+Z_)E( ) = Zm 1 zgok dQ32,m:

D10 ym KNex o
(6 +ca )E Zm 1 2¢ dQ41'm'

The quantity N, is the atom density of the K -th group; ¢ is speed of

light, we choose v, ,and N, ,, to mimic Maxwell distribution

_mv%
fQvy) = /ZnKTe 2KT .

Moreover furthermore we will use with the Doppler averaging M groups

equal three. We will firstly solve motionless system whereby we set the
t=0 in the initial condition for Maxwell Bloch equation of probe field

where is determined by equation

4In2 (t— tmax)z

Ey” = Ep (foc + fprusee” mwmm? )

In which represent time when the pulse attains peak value, FWHM is the
total width at semi maximum, t,,4 and fp and f;,scadds to one and
represent DC and pulse components. Dependencies of z are obtained for
all unidentified variables, and it will be see results obtained for the
conjugate and probe beam of dependence on time and z direction

4.1 Figure and discussion

We analyze the results obtained with Maxwell Block equations for some
range of parameters where Pump intensity is set to be constant over time

and whilst probe forms a pulse for a certain set of parameters these one
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photon detunings are in a the GHz range, whilst the two photon detunings
are in the negative values of MHz range.

We begin by present the first results that consists of the output pulses that
are still bell shaped, it will be like same (Gaussians), from these shapes
we can get results like fractional delays and broadening. It will be
necessary to mention the set of parameters used to in the model describes
of the interaction between isotopes of potassium mass number 39 in the
vapor and electromagnetic field.

Where these parameters are determined by values following:

The propagation distance zmax = 4cm, one-photon detuning is

A= 0.7GHz, two- photon detuning is & = —2n8MHz, gamma is

Yy = 0.5.107 MHz, and depasing rate Ygepn = 1.5.107, atom density is

Nc = 3.10%cm™3, the temperature T = 120°C, anglels between pump

and probe and pump and conjugate equal to 9 = 3 mrad, electric field
amplitude of the pump Egr) = 6998.62% Rabi frequency (Omega) for
pump is determined value 4 = 3.08 GHz, and electric field amplitude
of the probe E1(>+) = 57.28 g also rabi frequency (Omega) for probe is

determined value Qp = 18.9 MHz, where total width at probe beam's

semi maximum (FWHM) equal to 80ns, electric field amplitude of the

conjugate is E£+) = 1, that corresponds to Rabi frequency Omega (). =
330 KHz.
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Fig. 15. Calculated probe and conjugate beams incoming from with Doppler averaging effect
depended on two photon detuning (1) for gains (2) also for fractional delays, (3) and for
fractional broadenings, for A= 0.7GHz, T = 120C°, pump power P, = 220mW, probe power
P, =20 pW.

In the model we choose parameters to relate to the experimental values
such as detunings between probe and pump and gas density. It also uses
variables with unknown values in the measurements, including relaxation
coefficients. Better compliance with measurements was obtained in case
the amplitudes of electric field in the design are a slightly below the one
implied by the measurement. When compare between measurement and
the model with Doppler averaging we note the both gains peak
maximized at some negative value of two photon detuning in the MHz
range. Delays and broadening are also dependent on 6. Not only the
measurements, but also the model exhibit further deviations from
Gaussian systems when the gains are lower or when atomic densities are
higher. Figures 14 and 15. Show typical behavior of figures of merit for
probe and conjugate pulses both experimentally and theoretically.

Experimental data [24] shows tendencies in FWHMSs, gains and delays
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for the conjugate and probe. Numerical simulations agrees properly with

measurements.
4.1.1 Probe pulses Propagation through potassium vapor cell

We show example of pulse destruction and revival through potassium
vapor cell of 4cm parameters for the simulations:

While one-photon detuning is A= 0.7GHz, two- photon is determined by
value 8 = —2MHz, gamma is y = 0.5.10" MHz, and depasing rate

Veph = 1.5.107, atom density is Nc = 3 . lolzcm_3, the temperature T =
120°C, anglels between pump and probe and pump and conjugate equal
to 3 = 3 mrad, electric field amplitude of the pump E((;r) = 6998.62%
Rabi frequency (Omega) for pump is determined value Q4 = 3.08 GHz,
and electric field amplitude of the probe E1(>+) = 57.28 g also rabi

frequency (Omega )for probe is determined value Qp = 18.9 MHz,
where total width at probe beam's semi maximum (FWHM) equal to
80mns, electric field amplitude of the conjugate is EE” = 1, that

corresponds to Rabi frequency Omega Q0. = 330KHz.

r LY Ll ..' -L__“
L M ! | e

=1 Time[ns] {b} Tirme[ns]
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Fig.16. Example of 80ns probe pulse destruction and revival through potassium vapor cell of
4cm, Pulse waveforms at (1) [41] z= 0*zmax, (2) z= 0.08*zmax, (3) z= 0.16*zmax, (4)
7z=0.24*zmax, (5) z=0.52*zmax, (6) z= zmax percentage of the total cell length. Parameters
for simulations: A= 0.7GHz, § = —2MHz,gamma is y = 0.5.10” MHz, and depasing

rate Ygepn = 1.5. 107, density of corn is Nc = 3.10%2c¢m™3, the temperature T = 120°C.
The top part of probe pulse was added wavelet small at the probe pulse
input after running numerical simulation to see the dynamics of the probe
pulses, we note the shape of probe take bell form at the input and also at
the output, also they are not directly connected by a time evolution and
behind the initial pulses begin additional secondary pulses to continue to

appear with sufficient gains at the end of the propagation distance, the

mission these additional secondary pulses only are responsible for slow
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light and expanding pulses. By return to the [32] marker location on the
top profile Gaussian pulse, it was noted that primary pulse disappears at

the exit from cell.

4.1.2 Determination both primary and secondary pulse at
the end of the propagation distance zmax= 4cm for some

parameters

Results are for the following parameters:
1-photon detuning is A= 1.3 GHz and 2- photon detuning can be

determined by four values four values 6 = (2n4dMHz, 0MHz,

—274MHz, —2n8MHz), gamma is y = 0.5 . 10’MHz ,and depasing rate
-3
= 1.5.107, atom density is Nc = 3.10'%cm ~, the temperature
Y deph y

T = 120°C, anglels between pump and probe and pump and conjugate

equal to 9 = 3mrad, electric field amplitude of the pump Egﬂ =

6998.62% Rabi frequency (Omega) for pump is determined value
Q4 = 1.377GHz, and electric field amplitude of the probe
El()+) = 57.28 g also rabi frequency (Omega )for probe is determined

value Qp = 1.19 MHz, where total width at probe beam's semi maximum

(FWHM) equal to 80ns, electric field amplitude of the conjugate is

B —

c =

1, that corresponds to Rabi frequency Omega (). = 330KHz.

First, we present the results obtained theoretically with and without
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Doppler averaging and compare them by measurement.
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Figure 17. Investigational analysis of slow light — conjugate (green), probe (red), and
reference 80 ns inbound probe beam (blue) two photon detuning waveforms 6 = 2n4MHz, one
photon detuning A = 1.3 GHz, temperature T = 120°C, pump power Py = 220mW, probe

power P, =20 uW, Q4 = 1.377 GHz , Qp = 1.19 MHz

There are is qualitatively different outputs for all lines, probe (red),
conjugate (green) and reference 80 ns incoming probe beam (blue) there
is a numerical comparison where theory gives similar result and
switching to the nearby set of parameters yields to more Gaussian-like
output see figure 17 we note there is a delay (slow light) for both probe
and conjugate lines.
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tlnsl t[ns]

FIG. 17a. Conjugate and probe waveforms numerical simulations without Doppler averaging.
80 ns probe incoming pulse results, A = 1.3 GHz, and & = 2ni4MHz. Additional factors for
simulations:24 = 1.377GHz, 0p = 1.19 MHz,Nc = 3.10"8cm™3y = 0.5.10’MHZ,y gopp =
1.5.107.
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FIG. 17b. Conjugate and probe waveforms numerical simulations with Doppler averaging.
Results are parameters for 80 ns, A =1.3 GHz, and 6 =2r4MHz. 2; = 1.377GHz, p =
1.19MHz,Nc = 3.10"cm ™3,y = 0.5.10"MHz,y gepp, = 1.5.107.

Numerical simulations results example, with or without Doppler
normalizing, and measurement with the FWHM of the probe beam equal
to 80nm and for four various values of two photon detuning where

6 = 2n4MHz, 2nOMHz, —2n4MHz, —2n8MHz , and one photon
detuning is determined by value 1.3GHz for all figures are presented
here.

We start with figures17, 17a, 17b for TPD = 2w 4MHz we note the results
for numerical simulations of both probe and conjugate waveforms with
and with no Doppler averaging theory and measurement gives almost no
deformation pluses for probe and diminishing secondary pulses for

conjugate.
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Figure 18. Observations through experimentation of conjugate (green) and slow light — probe
(red), reference 80 ns inbound probe beam (blue) two photon detuning waveforms & = 0 MHz,
one photon detuning A = 1.3 GHz, temperature T = 120C0, pump power Pd = 220 mW, probe

power Pp =20 uW.02, = 1.377GHz ) = 1.19MHz.

Also there are is qualitatively different outputs for all lines, probe (red),
conjugate (green) and reference 80 ns incoming probe beam (blue)
moreover, there is a numerical comparison where theory gives similar
result and switching to the nearby set of parameters yields to more
Gaussian-like output see figure 18, we note conjugate experienced both
primary and secondary pulse. Secondary probe pulse is slower than

conjugate.

t[ns] . t[ns
18a. Probe and conjugate waveforms’ numerical simulations no Doppler averaging of

parameters for simulations are: FWHM= 80 ns, A = 1.3 GHz and 6 = OMHz. Other parameters
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for simulations: 2; = 1.377GHz,

0p = 1.19MHz, Nc = 3.10'8cm™3,y = 0.5.10’ MH2Z, Y gepn, = 1.5.107

t[ns] t[ns]

FIG.18b. probe and conjugate waveforms’ numerical simulations with Doppler averaging
effect the results are for: 80 ns, A= 1.3 GHz and 6 = 0MHz, 2; = 1.377GHz, p =

1.19MHz,Nc = 3.10"8cm ™3,y = 0.5.10’MHz, Y g¢pp, = 1.5.107

Heat
Prob

= = hd b
(= LA = L
T

fief intensity [uw]
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Figure 19. Experiment of slow light — conjugate (green), probe (red), and reference 80ns
inbound probe beam (blue) waveforms for two photon detuning & = —214MHz, one photon
detuning A = 1.3GHz, temperature T = 120C" , pump power P4 = 220 mW, probe power P,=

20 uW, Qq = 1.377 GHz , Qp = 1.19 MHz.

In figure 19, there is qualitatively very [42] different conjugate and
probe's waveforms at the cell exit. Also there is a numerical comparison
where theory gives similar result and switching to the nearby set of

parameters yields to more Gaussian-like output, where we note conjugate
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experienced both primary and secondary pulse. Secondary probe pulse is
slower than conjugate.

GP &z

t[ns] t[ns]

FIG. 19a. Results of numerical simulation of probe and conjugate waveforms with Doppler
averaging for parameters are: FWHM=80 ns, A = 1.3GHz, and 6 = - 2n4dMHz. 1; =

1.377GHz , 2p = 1.19MHz,Nc = 3.108c¢m™3,y = 0.5.10’MHz , Y gepp, = 1.5.107

GP G

C

t[ns] t[ns]

FIG. 19b. Probe and conjugate waveforms’ Numerical simulations without Doppler
averaging for these parameters: FWHM= 80 ns, A = 1.3 GHz, and 6 = -2n14MHz, 02; =

1.377GHz, 2p = 1.19MHz ,Nc = 3.10¥¥cm ™3,y = 0.5.10’MHz, Ydaepn = 1.5. 107.

In the case lower value for two photon detuning see figure 15, 15a, 15b
and figurel6, 16a, 16b where 6 = OMHz A —2n4MHz, we note the
resultes for probe and conjugate waveforms' numerical simulations with
and with no Doppler averaging and measurement there are primary waves

and secondary waves present with probe beam while conjugate beam
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consists of one peak at the end of the propagation distance.

25 - It:-l‘.
—  Frob

a0 Canj |

Ref intensity [WW]

=100 o 100 200 3ng 400

Figure 20. Experimental illustration of slow light — conjugate (green), probe (red), and
reference 80 ns inbound probe beam (blue) waveforms for two photon detuning 6 =
—2n8MHz, one photon detuning A = 1.3GHz, temperature T = 120 C°, pump power Pd =

220mW, probe power Pp =20uW,0,; = 1.377GHz ,2p = 1.19MHz.

Looking at the figure 20, we there is note qualitatively different
waveforms for the probe (red) and the conjugate (green) at the cell exit.
Also there is a numerical comparison where theory gives similar result
and switching to the nearby set of parameters yields [32] to more
Gaussian-like output, where we note the probe is almost unchanged while
the conjugate is slow. Lower gains more frequently lead to irregular
results. Not only measurements, but also the model exhibit further
deviations from Gaussian systems when the gains are lower or when

atomic densities are higher.
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tIns] t[ns]

FIG. 20a. Results for probe and conjugate waveforms with Doppler averaging, in the case
numerical simulations by using these parameters: FWHM=80 ns, A = 1.3 GHz, and 6 = -
2n8MHz, 24 = 1.377GHz, 0p = 1.19MHz,Nc = 3.108cm ™3,y = 0.5.10’"MHz, Ygepn =
1.5.107

G, G

t[ns] t[ns]
FIG. 20b. Results of numerical simulations incoming from waveforms for probe and
conjugate in state without Doppler averaging by using these parameters: FWHM=80 ns, A =
1.3 GHz, and & = -2n8MHz, 2; = 1.377GHz,Qp = 1.19MHz,Nc = 3.108cm ™3,y =
0.5.10’"MHz Ygepn = 1.5.107,ygepn = 1.5.107
Finally, figure 20, 20a, 20b for two photon detuning equal 6=-2n8MHz
where we see in the both theory and measurement no deformation wave

for probe at the end of propagation distance and the conjugation beam has

its secondary pulse diminishing it similar result for figure 17, 17a, 17b.
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CONCLUSION

This thesis describes the phenomenon of four waves mixing in atomic
potassium vapor mass number 39 and also we present results of
numerical calculations for propagation of effects twin beams during of
the hot [32] potassium (K) vapor and make comparison between
measured and calculated gains for a broad range of variables necessary
for FWM efficiency. This is inclusive of the atomic density, angle
between the probe and the pump, two photons detuning, and detuning of
the pump from the D1 transition, with respect to hyperfine structure of
the ground. Finding relations between different parameters and gains
because gain is directly related to the amount of squeezing and of
entangled photons. Numerically, we use full system of Maxwell Bloch
equations used to calculate density matrix terms of every population and
coherence to determine atomic polarization induced by the propagation
expressions for amplitudes of three modes of electric fields conjugate,
pump and probe.

It known to be four wave mixing in a potassium vapor characterized by
distorting the pulse beams. Through this feature we analyze the results
obtained with Maxwell Bloch mode for some range of parameter and we
will demonstrate it with propagation of full width at a half maximum of

the conjugate and probe beams equal to 80nm in the K vapor under FWM
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generated by the double A scheme under for a certain some range of
parameters gains such as 1-photon detuning and 2-photon detuning, also
gas densities. The pluses’ shape can be bell shaped for some detuning like
(Gaussian) or deformed or very different shapes at the end of the
propagation distance this is in agreement with measurements and from
such waveforms we obtain the shapes for pulse’s gains, delays and

broadening.
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