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Synopsis

This thesis deals with investigations on the coherent microwave-to-optical conversion
with dilute gaseous atoms. In particular, our study deals with novel effects in a three-
level atomic system of room temperature Rubidium atoms that coherently interacts
with one microwave and two optical, electromagnetic fields. A three-level atomic
system coupled to two laser fields exhibits interference effects that can result in the
cancellation of absorption at a resonance transition frequency and thereby modify
the optical response. Analogous to the interference of classical waves resulting in
constructive and destructive interference, it is the field amplitudes that interfere
in the quantum case. If there is more than one pathway available for an atom to
have a transition from the ground to the excited state, then the probability of the
transition is the sum of the probability amplitude square of each possible pathway.
The interference of different transition probability amplitudes can be constructive
or destructive depending upon the intensity of laser fields and the choice of atomic

levels.

In the case of an atomic system as shown in Fig. 1.3, if the probe field with
Rabi frequancy (2, and a coupling field with Rabi frequency (). driving transitions
from [1) to |3) and |2) to |3) respectively, also if the transition from |1) to |2) is
electric dipole forbidden, then the atomic system is called a A system. In such a
system, an electromagnetically induced transparency (EIT) effect is possible [1, 2|.
When ), < €, then an atom in the ground state have two possible pathways
for a transition from [1) to |3), which are via a direct transition from [1) to |3),
or an indirect pathway |1) — |3) — |2) — |3). In this particular case, the
transition probability of an atom to have transition |1) to |3) is zero due to a
destructive quantum interference of the two different pathways leads to an EIT
effect to the probe field. Once a medium renders EIT effect, it transforms an initially

highly opaque medium to almost transparent to a resonant laser field field. Also the
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refractive properties of the medium will be greatly modified [3].
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Figure 1: A System formation using hyper-fine levels of ®Rb in its D1 manifold.

Many experiments exploit coherent interactions between the atom and electro-
magnetic waves in a regime where interference effects dominate transition amplitudes
governing transitions between a pair of levels. These coherent interactions between
atoms and electromagnetic (EM) fields can dramatically modify the optical prop-
erties of a medium, leading to electromagnetically induced transparency (EIT) and
related effects [4]. EIT and the associated dark state formation are exploited in many
systems to achieve lasing without inversion [5], slow and stopped light [6], quantum
memory devices 7], and nonlinear wave mixing with ultra-low intensities [8, 9.

Recent studies have focused on the interaction of electromagnetic fields with
atoms in a closed level configuration which shows EIT. In particular, studies have
focused on the effect of connecting the two ground states of a regular A system by a
third field, whose frequency for alkali metal atoms is in the microwave regime. These
studies show that the coherence and population in a closed system depend on the
phase of all the interacting fields [10]. Thus it opens up a plethora of novel effects in
coherent atom EM field interaction, such as enhanced nonlinearity, phase-dependent

EIT [11] and phase-dependent optical switches [12].
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This thesis deals with investigations on the coherent microwave-to-optical con-
version with dilute gaseous atoms. In particular, our study deals with novel effects
in a three-level atomic system that undergoes an EIT effect and having a hybrid
interaction between optical electric dipole and microwave magnetic dipole transi-
tions. The hybrid interaction breaks the centrosymmetry present in the atomic
system. We have used room temperature Rubidium (**Rb) atoms as the medium.
The three hyperfine energy levels of 8Rb atom interacting with two optical and one
microwave field forms a A system as shown in Fig. 2, thereby making the system
phase-dependent. We also present a novel three-wave mixing process enabling a

coherent microwave-to-optical conversion, which leads to a phase-dependent ampli-

fication (PDA).
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Figure 2: A System formation using hyper-fine levels of ®*Rb in its D1 manifold. In-
troducing an additional microwave field with Rabi frequency Qrp driving the transition

between gruond and metastable levels, changes the A system to a closed level scheme.

This thesis consists of 5 chapters. Chapter 1 starts by giving an overview and mo-
tivation to the research work carried out. A brief introduction to coherent processes
in light-matter interaction, in particular, the nonlinear processes and discussion
on nonlinearity with low light intensity, are included. Later a detailed discussion

on electromagnetically induced transparency (EIT) is given. Chapter 1 gives an
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overview of the systems which we are working on, as well as of the various experi-

mental techniques involved.

Chapter 2 describes a coherent generation of a near infrared optical field through
a three-wave mixing phenomenon in an atomic energy level scheme of ®Rb atoms.
In systems with centrosymmetry, second-order nonlinear processes are absent [13].
A nonlinear generation process in a centrosymmetric thermally broadened atomic
system is made possible through a novel interaction between induced electric and
magnetic dipoles [14]. The spectral profile of the generated probe field is studied.
We have shown that the generation processes will follow a three-photon resonance
condition between all the three electromagnetic fields, which is a direct consequence
of energy conservation in this sum-frequency process. The bandwidth of the gener-
ation process is decided by the Raman coherence present in the system, and this is
evident from the generated probe power vs two-photon resonance graph as shown
in Fig. 3. When a two-photon resonance between the coupling field and the gener-
ated probe field is satisfied, the probe field also undergoes an EIT effect [4]. The
EIT phenomenon is suppressing all linear absorption process and the dark state
associated with EIT is responsible for the suppression of all the decoherence effect
such as spontaneous emission from the excited state. The bandwidth for coherent
conversion from microwave-to-optical frequencies with this scheme is shown to be
about 825 kHz. The efficiency of our conversion process is about 2.6 x 107%%. The

chapter concludes by summarizing the results.

Chapter 3 covers the phase-dependent amplification of an optical field using
microwaves. We have done a theoretical analysis of the three-wave mixing present
in our A system. We have obtained an analytical expression for the probe field
using density matrix analysis. Our analysis shows that, in addition to a generation
of probe field which is discussed in earlier chapter, there will be an amplification
also possible for the probe field in our A system. The physical mechanism of the
amplification process reveals that the amplification is due to an interference of the
input probe field and the generated probe field. This interference effect can give
rise to an amplification or a de-amplification depends on the phase of the generated

probe field. This probe phase can be controlled by the phase of the microwave field
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Figure 3: Generated probe power as a function of probe field detuning d, when J. = 0.

The continous line is the EIT fit to the experimental data.

as described in previous chapter. Thus making the system as a phase depended
amplifier (PDA). The dependence of amplification and de-amplification of probe
field is studied with various microwave field intensities, and with various two-photon

detuning. The chapter ends with concluding the results.

Chapter 4 is an experimental demonstration of the results presented in chapter
3. We observe amplification and de-amplification of the input probe beam as a
result of nonlinear three-wave mixing interaction between the microwave and the
two optical fields mediated by the ®°Rb atoms. The amplification is dependent
on the relative phase between all the three fields [10]. In the current experiment,
we investigate the gain experienced by the probe field both in the presence and
absence of two-photon induced ground state coherence. By carefully choosing an
experimental arrangement, we could controll the two-photon detuning by changing
the microwave detuning which is connecting the ground and the excited states. In
Fig. 4 we have shown a PDA of the probe field, when the relative phase difference
between all the three electromagnetic field (A®) changes the probe gain also changes.
We show that a simultaneous fulfilment of a two-photon resonance condition that

creates ground state coherence and a three-photon resonance condition leads to a
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significantly higher amplification of 7.5 dB of the optical probe field with a visibility
of 98.8 %. By selectively breaking the ground state coherence using microwaves, we
show that the amplification reduces with a bandwidth of 5 MHz. Nevertheless, the
system shows non-zero PDA for large two-photon detunings of 15 MHz with high
visibility of 66.8 %. This novel, controllable hybrid-PDA can be potentially used
to trade-off amplification for bandwidth during the transmission of phase coherent

classical and quantum information.

! ' ' o 4,/2r=0MHz ' ' '
6L o 52/27r=5MHZ |
o 6,/2m=15MHz LN BN |
5+ g T i
_E 4 B i 0 N
8 N[ [
3_ (] _
' ¥
2F T =%e ' 7 -
= /] <
5 R 1 = .
1 - NN o < . 0 : 7 = = v S0~ NN |
e " T f o2
0 1 1 T | | | |
0 1 2 3 4 5 6 7

A (rad)

Figure 4: Probe gain vs A® for different values of two photon detuning (d2) at microwave

intensity 1.03 mW /cm?. The continuous line is the theoretical fit.

Chapter 5 summarizes the important observations and conclusions drawn from
the studies presented in this thesis. In addition, we also discuss possible directions
for future work on the systems described here. In summary, a unique hybrid atomic
scheme is presented which can coherently interact with both microwaves and optical
frequencies. Generation of a new optical field is demonstrated using this hybrid
room temperature atomic system. This three-wave mixing is characterised with
parameters like three-photon and two-pohoton detuning. A theoretical analysis of
this hybrid A system results in a PDA of the optical probe field, which can be
controlled by the phase change in the microwave field. A seed probe field and the
generated probe field interfere inside the medium resulted in a PDA, which changes

from amplification region to a de-amplification decided by the phase of the microwave
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field. A significantly higher amplification is possible in the hybrid A system when the

two optical field is following a two-photon resonance condition, while amplification

reduces with increasing two-photon resonance. This microwave controlled hybrid

system can be a potential candidate for coherent conversion and amplification of

classical and quantum information signals from microwave-to-optical frequencies.
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Chapter 1

Introduction

1.1 Overview

The coherent interaction of electromagnetic waves with atoms has attracted a lot of
attention in the last few decades. Advances in precise manipulation and control of
atoms using electromagnetic waves aided much development in information process-
ing and communication systems. Of electromagnetic waves, optical and microwave
frequencies are the most widely used tools in classical and quantum information pro-
cessing, signal transmission and communication. In particular, numerous attempts
have been made to build quantum processors and quantum simulators, which exploit
excitations in the optical and microwave domain. These studies can fundamentally
transform how we receive, process and transmit classical and quantum informa-
tion. A range of quantum bit (Qubit) systems has been realized in the microwave
and optical frequency regimes in recent years. Realization of qubits using defects in
solids [1, 2], an ensemble of trapped ions [3|, neutral atomic systems [4], and quantum
dots [5, 6] have been employed in the optical frequency regime. While microwaves
have been used in superconducting qubits of diverse flavours [7], charge qubits in var-
ious material systems [8], electron spin systems [9], and nuclear spins [10] to realize
qubits. Out of these systems, superconducting qubits operating at several gigahertz
(microwave frequency) have recently emerged as the most favourable quantum com-
puting architecture due to their ability to perform quantum operations with high
fidelity [11, 12, 13].

Nevertheless, it is inconvenient to transmit quantum information encoded in



microwave frequency over a long distance [14]. The microwave signal decays rapidly
during propagation and is easily disturbed by thermal noise at room temperature.
On the other hand, optical photons show complimentary features. There have been
demonstrations of optical quantum communication over hundreds of kilometres [15].
In particular, the transmission of information in the optical domain over large scale
distances is envisaged using fibre-based quantum networks [16]. Thus it creates a
strong interest in developing interfaces between microwave and optical frequencies.
Apart from the efficient long-distance transmission, the optical domain has already
been exploited to store and retrieve quantum memory using solid state systems [17]
ions [18], spin ensembles [19], and nitrogen-vacancy centres [20]. Thus coherent
conversion of microwave-to-optical frequency would offer tremendous advancement

in developing next-generation hybrid classical and quantum technologies |21, 22, 23].

Microwaves and optical waves are separated by several orders of magnitude in
frequency, making it challenging to find a suitable platform that couples these two
widely separated frequency bands. Several promising approaches have been taken
to implement coherent conversion from microwave-to-optical frequency. There have
been microwave-to-optical conversions using carefully engineered whispering-gallery-
mode resonators [24, 25|. Several authors exploited micro and nano-sized hybrid
electro-optomechanical devices which operate at a few Kelvin [26, 27]. There were
demonstrations of efficient microwave frequency conversion mediated by a photon-
ics compatible silicon nitride nano beam oscillator [28]. They also require a liquid
helium temperature environment. Recent investigation on rare-earth-doped crys-
tals [29] and gaseous atomic systems with induced coherence [30] found to be a

viable architecture for effecting non-linear frequency generation and signal transfer.

There have been several theoretical proposals of microwave-to-optical conversion
in atomic systems [31, 32, 33, 34, 35|, but very few experimental demonstrations.
The only atom-based platform that successfully demonstrated microwave-to-optical
conversion is Rydberg atom’s cold atomic cloud, which employs a six-wave mixing
process [36, 37|]. The challenge in microwave-to-optical conversion using atom-based
schemes is to devise an energy level scheme that interacts strongly with both fields

and leads to a nonlinear interaction in the system. Effecting a nonlinear resonant



interaction in an atomic system is not feasible in traditional nonlinear optics due to

the linear and nonlinear absorption near-atomic resonance [38|.

Many experiments exploit coherent interactions between the atom and electro-
magnetic waves in a regime where interference effects dominate transition amplitudes
governing transitions between a pair of levels. These coherent interactions between
atoms and electromagnetic (EM) fields can dramatically modify the optical prop-
erties of a medium, leading to electromagnetically induced transparency (EIT) and
related effects [39]. EIT and the associated dark state formation are exploited in
many systems to achieve lasing without inversion [40], slow and stopped light [41],
quantum memory devices [42], and nonlinear wave mixing with ultra-low intensi-

ties [43, 44].

Recent studies have focused on the interaction of electromagnetic fields with
atoms in a closed level configuration which shows EIT. In particular, studies have
focused on the effect of connecting the two ground states of a regular A system by a
third field, whose frequency for alkali metal atoms is in the microwave regime. These
studies show that the coherence and population in a closed system depend on the
phase of all the interacting fields [45]. Thus it opens up a plethora of novel effects in
coherent atom EM field interaction, such as enhanced nonlinearity, phase-dependent

EIT [46] and phase-dependent optical switches [47].

This thesis deals with investigations on the coherent microwave-to-optical con-
version with dilute gaseous atoms. In particular, our study deals with novel effects
in a three-level atomic system that undergoes an EIT effect and having a hybrid
interaction between optical electric dipole and microwave magnetic dipole transi-
tions. The hybrid interaction breaks the centrosymmetry present in the atomic
system. We have used room temperature Rubidium (**Rb) atoms as the medium.
The three hyperfine energy levels of 8Rb atom interacting with two optical and one
microwave field forms a A system, thereby making the system phase-dependent. We
also present a novel three-wave mixing process enabling a coherent microwave-to-

optical conversion, which leads to a phase-dependent amplification (PDA).

3



1.2 Motivation and objectives

The motivation for the problems addressed in this thesis is to develop a suitable
platform that strongly couples microwave and optical frequencies that are separated
by five orders of magnitude in frequency. A three-level system that can employ a
three-wave mixing process between optical and microwave frequencies will be the
simplest scheme one could imagine. One of the possible schemes is the three hyper-
fine energy levels of a 8Rb atom. However, in neutral atomic systems, three-wave
mixing nonlinear-optical processes are forbidden by symmetry. It is known that the
utilisation of a magnetic-dipole interaction breaks the symmetry requirement and
enables a three-wave mixing response to emerge in the centrosymmetric atomic sys-
tem. This allows us to demonstrate a coherent microwave-to-optical conversion by
three-wave mixing using 8°Rb atoms. Another major objective of the present study
is to develop an atom-based amplifier that could be used as an interface for coherent
conversion and amplification of quantum information generated in the microwave
domain and converted to optical frequencies. To summarize the objectives of this

thesis are,

e Perform an experiment to demonstrate coherent microwave-to-optical conver-

sion by three-wave mixing in a room temperature atomic vapour of ®Rb atoms.

e Develop a theoretical model to study the coherent conversion and amplification
process of an optical field using microwaves in a closed three-level scheme (A

system).

e Perform an experiment to investigate the role of ground state coherence in an

atom-based optical amplifier.

e Explore the possibility of extending our amplification scheme for digital com-

munication and optical switches that a microwave field can control.
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1.3 Overview of experimental concepts and tech-

niques

1.3.1 Nonlinear wave mixing-three wave mixing

In Fig. 1.1 shows a three-wave mixing process. We have two input fields with
frequency w, and wy,, which interacts with the atoms in the medium. Due to nonlin-
earity in atomic response, atoms develops an oscillating dipole moment which gives
rise to a new field with frequency w. = w, + wp. In this section we are trying to
understand the theory of three wave mixing process. Let us assume a nonlinear
medium, with no free charge and no free current. Also assume that the medium is

non magnetic. Then we can write the Maxwell equations in such a media as,

Wq ——
—_— W = W, + Wh
Wh —>

Figure 1.1: Three-wave mixing process.

V-D=0 (1.1)
V-B=0 (1.2)
0B
E=_"-— 1.
V X oy (1.3)
oD
B = jg— 1.4
V X “Oat (1.4)

where B, E are the magnetic and electric fields respectively. Here D is the

displacement operator and it is defined as

D=c¢E+P (1.5)

where ¢, is the permittivity of free space and P is the polarization vector which

depends nonlinearly on E. Now we take the curl of third equation in Eq. (1.4),
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VxVxE:—an—B

ot
I(V x B)
= —" 1.6
oy (1.6)
Substituting for V x B from fourth equation in Eq. (1.4), we obtain
VxVxE+ 82—D—O (1.7)
Ho oz .

By applying Eq. (1.5) and using the identity Vx V x E = V(V - E) — V2E, we
get

0*E o’P
2 _
V(V . E) — V°FE + Ho€o 912 + Lo 12 = 0. (18)
Using Eq. (1.4), we can simplify the wave equation as
1 0°E 1 0*°P
V(V-E)— = (1.9)

2O e o2

1

where c is the speed of light in vacuum, ¢ = The wave equation can also

Veoro
be written in terms of displacement field as
1 9°D
E) — — =0 1.10
VIV-B) - =558 (1.10)

The total polarization can be understood as the sum of linear (P®)) and non-

linear (PE)) polarization

P=pP"Y 4 pVD) (1.11)

similarly the displacement field D can also be split into linear and nonlnear part

D =D®W 4 p\ND) (1.12)

where



DW =¢E + PW
=eoE + coxVE

=¢oe, E. (1.13)

Using Eq. (1.12) one can write the wave equation Eq. (1.10) as

1 9*°DW 1 0?PWE)
et Ot et Ot?

V(V-E) - (1.14)

In a dispersive medium each frequency component of the medium has to be

considered separately. Then the wave equation can be written as

eT(wz-) (92EZ . 1 5’2Pi(NL)
2 Ot2 ec?  Ot?

V(V-E;) — (1.15)

This wave equation has a form of an inhomogeneous wave equation. The term
on the right hand side acts as a source term. If the source term is absent, then
Eq. (1.15) will be representing a free wave propagation equation with a velocity of

¢/n, where n is the refractive index of the medium.

—

Wgq —>
2

X() —_— W = Wq + Wh
Wp —

f—  —

Figure 1.2: Three-wave mixing process. A x(®) nonlinear medium with a length of [ is
interacting with two input fields with frequency w, and wy, and a new field is generated

with a frequency of we = wy + wy,.

We are going to use the nonlinear wave equation to study the three-wave mixing
process. Let us consider a sum-frequency generation in a nonlinear optical medium
as shown in Fig. 1.2. We have an input beams of frequency w, and w;, which are
collimated, continuous and propagating along +z direction. The input fields can be

written as,



E,(z,t) = e ik 4 C.C

Ey(z,t) = e i@vtha) 4 0. C (1.16)

where C.C. is the complex conjugate, k; = n;w;/c and n; = \/&(w;) (i = a, b),
are the wave vector and the refractive index of the medium respectively. Now let us

assume a plane wave propagating in +z direction,

E.(z,t) = e i(welkez), (1.17)

The amplitude &, will be a constant for a plane wave.
Now to solve the wave equation Eq. (1.15) for the sum-frequency generation process,
where two input fields with frequency w, and wj, interacting with the nonlinear
medium gives rise to a sum-frequency generation of a new field having frequency
of w. = wy + wp. In this case we assume the solution will be of the form as in
Eq. (1.17), except that the amplitude & will be a function of z. The nonlinear

source term relevant in this case is

P.(2,t) = P(2)e ' + C.C. (1.18)

where

Po(2) = 26D E, Epe!katho)z (1.19)

with this information one can write the wave equation for the sum-frequency

generation as,

dZSC dgC r c 250 i
e | g 2o g, 4 Glelwele] k) | g
dz? dz c?
2v(2),2 .
_ 2w gagbefl(wct*(ka‘i’kb)z) +C.C. (1.20)

2
sine k? = €, (w.)w?/c® we can simplify Eq. (1.20) as
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d*E d€, 2y P w? :
c . ¢ c i(katkn—kec)z
—~ + 21/€C— = — 2 gagbe b . (121)

Here we assume the slowly varying amplitude approximation, and it is valid

kc d€.

whenever i
4

% < , then Eq. (1.21) becomes

dé.  ixPuw? A
€ = c & & etk 1.22
dz koc? be ( )

where Ak = k,+ ki, — k., is the wavevector mismatch. The total amplitude of the
general field power can be obtained by integrating Eq. (1.22) from z =0 to z = [,

s (2),,2 l )
(D) :”2 C;"C £.5 /0 ek gy

(2), )2 iARL
iy e
" EaEb( o ) (1.23)

The intensity of the generated field can be written as,

I. =2n.eoc|Ec(1)?

_2neco(X?)’wilEaP 6|
B k2c3

eiAkl -1 2

Ak

(1.24)

For Ak ~ 0, which is the phase matching condition, then the generated field

intensity can be written as

_ 2neeo(x®llen e

& k2¢3

(1.25)

The generated field intensity given in Eq. (1.25) is valid in the limit in which the

two input fields are undepleted by the nonlinear interaction.

A gaseous atomic system possess an inversion symmetry, also known as the center
of symmetry. This centrosymmetry plays a crucial role in the nonlinear response of
gaseous atoms. To understand this, we first consider the polarization responsible

for the second order process,



P(t) = XY E*(t) (1.26)

Due to the centrosymmetry, if we change the sign of the electric field, then the

sign of the polarization also changes,

—P(t) =cox? [~ E(t)?

—P(t) (1.27)

This can occur only if Y = 0. Thus for a centrosymmetric nonlinear medium

the x® nonlinear susceptibility is absent.

1.3.2 Electromagnetically induced transparency

Coherent interactions of electromagnetic waves with a three-level atom can result
in diverse physical phenomena. Using one or many electromagnetic fields in such a
system, one can control the medium’s optical properties. A three-level atomic system
coupled to two laser fields exhibits interference effects that can cancel absorption
at a resonance transition frequency and thereby modify the optical response of the
medium. Analogous to the interference of classical waves resulting in constructive
and destructive interference, the probability amplitudes of various pathways interfere
in the quantum case. Suppose there is more than one pathway available for an atom
to have a transition from the ground to the excited state; in that case, the transition
probability is the squared sum of the probability amplitude of each possible pathway.
The interference of various transition probability amplitudes can be constructive or
destructive depending upon the intensity of laser fields and the choice of atomic
levels.

In the case of an atomic system as shown in Fig. 1.3, if the probe field with
Rabi frequancy (2, and a coupling field with Rabi frequency (). driving transitions
from |1) to |3) and |2) to |3) respectively, also if the transition from |1) to |2) is
electric dipole forbidden, then the atomic system is called a A system. In such a
system, an electromagnetically induced transparency (EIT) effect is possible [48, 49].

When 0, < €1, then an atom in the ground state have two possible pathways for

10



1)

Figure 1.3: A System formation using a three level system.

a transition from |1) to |3), which are via a direct transition from |1) to |3), or an
indirect pathway |1) — [3) — |2) — |3). In this particular case, the transition
probability of an atom to have transition |1) to |3) is zero due to a destructive
quantum interference of the two different pathways leads to an EIT effect to the
probe field. Once a medium renders EIT effect, it transforms an initially highly
opaque medium to almost transparent to a resonant laser field. Also the refractive

properties of the medium will be greatly modified [50].

The first observation of EIT is carried out by Harris et al in 1991 [48, 49]. They
have used initially a strontium vapour and later lead vapour to demonstrate the EIT
effect. After that, a series of investigations on EIT has been done by several groups of
researchers. Apart from causing a highly opaque medium to being rendered highly
transparent, the EIT effect will modify the refractive properties of the medium
as well. This leads to the development of a medium with very unusual optical
properties. EIT and the associated dark state formation are exploited in many
systems to achieve lasing without inversion [40], slow and stopped light [41], quantum

memory devices [42], and nonlinear wave mixing with ultra-low intensities [43, 44].
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1.3.2.1 Theoretical calculation

In this section we are going to derive the EIT Hamiltonian in a A system. Further,
we will calculate the linear susceptibility of the three-level atom interacting with two
electromagnetic fields using density matrix calculation. In Fig. 1.3 shows a three-
level atom interacting with two electromagnetic fields, which forms a A configuration.
The ground state, metastable state and the excited state energy levels of the atom
is denoted as 1), |2) and |3) respectively. The electric dipole transition between
|1) — |3) and |2) — |3) transitions are driven by the probe field (w,) with
Rabi frequency €2, and coupling field (w.) with Rabi frequency €. respectively. The
transition between |1) and |2) is electric dipole forbidden. The detuning of the
coupling field from the |2) — |3) transition is denoted by . and J, is the detuning
of the probe field from the |1) — |3) transition. Here 715 and 723 = 713 representing
natural linewidth of levels |2) and |3) respectively. The total electric field E in the
system can be written under dipole approximation (|k|R < 1, where k is the wave

vector in the medium, and R is the radius of the atom) as
E(t) = é€.&. cos (wct) + €&, cos (wpt) (1.28)

where & and &, are the electric field amplitudes of the coupling and probe field
respectively. w. and wy, are the angular frequencies of coupling and probe fields. Here
€. and €, being the polarization of electromagnetic fields. The total Hamiltonian of

the system can be written as,

H(t) = Hy + H,(t) (1.29)

where Hj is the bare state Hamiltonian,

w1 0 0
Hy=h| 0 wy, 0 (1.30)
0 0 W3

with Ej = hwj being the energy of level j = 1,2,3. The perturbed Hamiltonian

H, can be written as

Hh(t) = Q- E(t) (1.31)



where @ is the dipole moment operator defined as Q = ¢f. The dipole matrix
elements are represented as Q;; = (i|Q|j). Due to the spherical symmetry of the
atoms, the diagonal elements @Q); will be zero. Also Q12 and ()21 will be zero due to
which the electric dipole forbidden transition between the levels |1) and |2).

Now we can write the perturbed Hamiltonian H,

Hi(t) = —(E(1)) - (Q2)(1| + Q23|2)(3] + H.C.) (1.32)

where H.C is the Hermitian conjugate. With expanding the electric field E, H,

becomes,

5 _)Cgc i i 22 i i
Hl(t) — _[62 (elwct + 6—1th) + 6P2 P(elwpt + e—lwpt)]

(Q2112) (1] + Q23]2) (3| + H.C.). (1.33)

We can simplify Eq. (1.33) by applying the rotating wave approximation. To
do that we first move to the interaction picture by using the unitary transforma-

tion U = eHot/h The Hamiltonian under this transformation can be written as

o, = UH,U'

ﬁI(t) = — %[E,’C(ei(twsuﬂak)t + efi(wgfo.)l«l»wc)t)_i_

gp(e—i(wg—wl—wp)t + e—i(UJ3—UJ1+UJp)t)]|1><3’

i %[8 (e—i(wg—wg—wc)t + e—i(wg—w2+wc)t)+
9 c

Ey(eTiwamwawp)t 4 pilws—watwn)ty] 9y (3] 4 H.C, (1.34)

We can now assume that the rapidly oscillating terms will be averaged out to
zero on time scale of observation. Since we have already assumed that the probe

and coupling fields are near resonant with the transitions |1) — |3) and [2) — |3)

respectively, the term e*(@s—w1—wp)t gapd eFilws—w2—we)t wi]] be slowly oscillating.
g Q13 —i(wz—wi—w
1) = — L[]y g
— %[a’cei(wﬁws)t] 12)(3| + H.C. (1.35)
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To move back to Schrodinger picture, we reverse the transformation and obtain

~

Hh

H.(t) =UtHU

=— %[speiwpt]m(gy - %[gcew] 2)(3| + H.C. (1.36)
The dipole elements can be written in polar form as
Q13 = Q31" = |Qu3]e'
Q23 = Q32" = Qo3| (1.37)

here ¢; with ¢ = (p,c) is the respective angle between the wave polarization and
dipole moment. using this, we define the Rabi frequencies of the probe and coupling

fields as

Q€
Q, = 1; p

Using Eq. (1.29, 1.30, 1.36, 1.37, 3.7), the total Hamiltonian of the system can

be written as

~

H(t) =her [1)(1] 4 w|2) (2] 4 hws|3) (3] —
h

h i(w
e

Qeel@ete)|2) (3] + H.C.. (1.39)

The total EIT Hamiltonian is given in Eq. (1.39). since it is often inconve-
nient to work with time-dependent Hamiltonian, we transform the basis states to
a co-rotating frame; by doing this transformation, we can avoid the explicit time

dependence of the Hamiltonian. The unitary transformation used here is

U'(t) = [1)(1] + ellpmwetten=ocl |9y (o] 4 pilwntten)|3) (3], (1.40)

The Schrodinger eqaution is applicable in the new basis as well, we can write
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ov . oU (tyw
ih BT =ih 5t
L oU'(t) O
=ih( o vHU ()5,
:(iha(gt(t) Uty + U () HBU (1)
=H'y (1.41)

where 1" is the new basis state, it is related to old basis state via the relation ¢ =
U'(t)1p. From the Eq. (1.41), we can deduce that the time dependent Hamiltonian

in the co-rotating frame are related by the following relation,

i =27 O iy o 0 ). (1.42)

Substituting for H(t), U (t) and U'T(t) from Eq. (1.39, 1.40) in Eq. (1.42), we obtain,

i - §[2w1|1>(1| +2(wn — wp + w)[2) (2] + 2(ws — wp)[3) (3] + Q1) (3]

+ Qo[2)(3] + H.C]. (1.43)

Now we have obtained the time independent Hamiltonian given by Eq. (1.43). To
write the Hamiltonian in terms of detuning of probe and coupling fields, we have
taken energy level |1) as the reference level, we have incorporated this by adding
—hwy I with the time independent Hamiltonian. In Eq. (1.44) given the total time
independent EIT Hamiltonian

B =~ (S, — 6)12)(2] — hiyl3)(3] — S0, 13

_ §QC\2><31 +HC. (1.44)

The detunings are defined as

Op = wp — (w3 — w1)

0e = we — (W3 — wy). (1.45)



The dynamical evolution of the rotated density matrix (%)
is given by the master equation [45]

3

= —i[H 6(t)] + > L{a)a(t)

k=1

96 (t)
ot

with £(ay) the Lindblad superoperator
AN A A A /\'I' 1 A~ /\T/\
L(a)o(t) =ao(t)a" — §{a(t),a a}

acting on operators

i =yl 2|
s =yl 1) 3]
s = v/712) (3

(1.47)

(1.48)

with 719 and 23 = 713 representing natural linewidth of levels |2) and |3) respec-

tively. The density matrix equations will be,

60'33(27 t) IQC IQp IQp

:—023(Z,t) -+ 70'13(2,23) — 70’31(27t) —

ot 2
— 713033(2,t) — Y23033(2, 1)
Doaa(z,t) i) 12,
% =5 o32(2,t) — 7023(2’,15) + Ya3033(2, )

- 712022(27 t)

Q ‘QC
9osn(2,t) :l_png(z,t) + IT[UQZ(ZJ) — 33(2,1)]

ot 2
+ i(SCO'32<Z,t) - ’%0_32(2715) - %USQ(Z’t)
— %032(2,75)
9, t) iQ 162
% ZITP[OH(Z,t) —o33(2, )] + 17021(2’t)
+ i5p031(27t) — %Ugl(z,t) — %031(2775)
0 t) i, i2
+ 1[(5p - 6c]021(zat> - %Obl(z’t)

0'11<Z,t) =1- 0'22(2,25) — 0'33(Z,t)

16

— t
9 0-32(27 )

(1.49)



In the limit of weak probe field, €2, < );, we can assume that all the atoms are in
the ground state. Sloving Eq. (3.11) for o3, at steady state (i.e.;0;; = 0) by assuming

o011 = 0, we obtain,

QiFQQp(z)
— . 1.50
031(Z> 4F1F2 + ’QC<Z)|2 ( )
Here
Y13 . Y23 .
Fl :7 + 7 —1 P
I, :% —id, (1.51)

where 9y = d, — 0. is the two photon detuning.

To understand the optical response of the EIT medium, as measured by the
probe field, we need to determine the linearr susceptibility. The linear susceptibility
and polarization of the medium are related by P = eoxVE. In our case, we can

write the polarization as

P= %O[X(l)(wp)‘(:pei%t + X(1)<_wp>gpeiwpt + X(l)(w6>gceii%t + X(l)(_WC)gceith]
(1.52)
The polarization of the medium is defined as the dipole moment per unit volume,

that is,

~

P =N(Q)
=NTr(Qp)

=N|[Q13p31 + Q31p13 + Qa3ps2 + Q32p23] (1.53)

~

where N is the number density of atoms and (@) is the expectation value of
dipole operator. Here p is the non-rotating density matrix, and it is related to the

rotated density matrix ¢ by the relation

pt) =UT)6()U' (1)
o11 o1pei(@p—we)tdp—dc) 5 pilwpt+ep)
— U21€—i((wp—wc)t+¢p—¢c) 099 azgei(wct—i-fbc) (1‘54)
031 e~ Hwpt+ep) 039 e—i(wet+oc) 033
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Substituting for p(t) from Eq. (1.54) in Eq. (1.53), we obtain

P = N[Q13031€7i(%t+¢p) + Q31013 PTP) 4 Quyogpe i (Wel o) 4 Q32023€i(w°t+¢°)]-

(1.55)

Using the polar form of dipole matrix elements from Eq. (1.37), we can remove

the phase terms in Eq. (1.55)

P = N[Q30316 " + Q31013"" + Qo3030¢ " + Q32093¢™"). (1.56)

In order to understand the absorption and dispersion of the probe field, we
need to evaluate only the linear susceptibility related to the probe field X(l)(wp).
Comparing the frequency component of Eq. (1.52) and Eq. (1.56), we obtain

cox Y (w
N‘Q13\031 = —OX ( p>5

5 b (1.57)
Now the probe susceptibility can be written as
2N
XV (wp) = Magl (1.58)
Eggp

By substituting for 03; from Eq. (3.12), we can express the probe susceptibility

() = IN|Qis|  2iT9,
P Eogp 4F1F2 + |QC|2

(1.59)

The probe field parameters €2, and &, can be removed by substituting for €2,
from Eq. (3.7). Then Eq. (1.59) becomes

_ 41N‘Q13‘2 FQ

(1)
X (Wp) hﬁo 4F1F2 + ’QC‘Q

(1.60)

Using Eq. (1.51) one can write the linear susceptibility in terms of the natural
linewidth of the energy levels, also taking v;3 = 7.3, which is the natural line width

of the level |3)
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O () = MGl 7 1% ;
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The real and imaginary part of linear susceptibility is given as

(1.61)

2N |Q13)?[27E 713 + 871305 + 12| Q]

I (1 —
) heo[1677303 + 4775 (753 4 02) + 4y19m13|Qe|? + (40,0 — 402 + [Q[?)]
(1.62)
_ 202 2 3 2 Qs2 2
Re(x(l)(wp)) 4N|Q13| [’7125}) + 4605}) + 45}) 5p|Qc| + (5(;( 85p + IQC| )]

 heo[1672%502 + 47 (7 + 0p) + 4v2m13|Qe|? + (40p0c — 462 + [Qc[?)]
(1.63)

The imaginary part of the linear susceptibility (Im(yx")) represents the absorp-
tion profile of the probe field, while the real part (Re(x"))) shows the dispersive
nature of the probe field in the EIT medium. In Fig. 1.4 we have plotted the imag-
inary part of the linear susceptibility (Im(x"))) against detuning of the probe field
dp. Here the continuous red line represents the absorptive profile of the probe field in
the absence of the coupling field, which has Lorentzian profile. In the presence of the
coupling field, the absorptive nature of the probe field will get drastically modified,
going from absorption to near-transparent in the medium, which is known as the
electromagnetically induced transparency (EIT) effect [48, 49|, shown as a continu-
ous blue line. The dependence of real part of the linear susceptibility ((Re(x")))
on detuning of the probe field ¢, is plotted in Fig. 1.5. The dispersive nature of
the probe field in the medium in the absence of the coupling field is shown as a
continuous red line. The slope of the Re(x") is negative around the transparency
window. The continuous blue line shows the Re(x(!)) in the presence of the coupling
field. It is evident from the Fig. 1.5 that the slope of the curve is positive, and it
can lead to the reduction in group velocity of the probe field in the medium [39].

This feature is exploited in employing slow light experiments in atomic media.

1.3.3 Saturated absorption spectroscopy

Saturated absorption spectroscopy (SAS) is a spectroscopic techniques. It helps us

lock the external cavity diode laser (ECDL) to a particular transition with greater
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accuracy and precision. One can resolve all the relevant transition lines of an atomic
transition with the help of the saturated absorption spectroscopic technique, which
otherwise appears as a single broad line due to the Doppler broadening [51, 52|.
The velocity of room temperature atoms is dictated by the Maxwell-Boltzmann
velocity distribution. Therefore the absorption profile of a resonant field will have a
Gaussian profile due to the Doppler shift. Hence the laser field cannot be precisely

locked to a particular transition.

Figure 1.6: Schematic of experimental set up of the saturated absorption spectroscopy.
Here ECDL —External Cavity Diode Laser, M —Mirror, D —Detector, BS —Beam split-
ter, GP —Glass plate.

We have used Rubidium (¥Rb) atoms in our experiments. Rb belongs to the
group I elements in the periodic table, and they have a single electron in the valence
shell. There are two isotopes of Rb found in nature with a natural abundance of
72.2 % of ®Rb isotope and 27.8 % of 8"Rb isotope. A vapour cell containing enriched
8Rb atoms have been used throughout our experiments. The energy level structure

of Rb atom is given in Fig. 1.7.
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Figure 1.7: Hyperfine energy levels of > Rb atoms in its D1 manifold.

To observe Doppler free spectrum of ®**Rb atoms we have used a saturated ab-
sorption spectroscopic arrangement as shown in Fig. 1.6. A strong pump beam and
a weak probe beam derived from the same external cavity diode laser (ECDL) will
propagate through a vapour cell containing ®Rb atoms in a counter propagating
configuration. The counter-propagating configuration of the pump and probe beam
make sure that a particular velocity class of atoms will be seeing both the beams
on resonant. Since a single ECDL is used to derive both pump and probe beam,
the frequency, and the detuning of both the fields are same. Due to the higher
power of the pump beam, most of the atoms will get excited and the transition
gets saturated. Hence the probe beam won’t get absorbed much and transmitted
through the vapour cell. The transmitted probe beam will further detect using a
photo detector and analyzed in an oscilloscope. The spectral profile of the probe

beam will be Doppler free spectrum of the corresponding transition.

In Fig. 1.8 shown the saturated absorption spectrum of D1 transition line of 3Rb

atom.
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Figure 1.8: Saturated absorption spectrum of F = 3 — F’ = 2 and 3 transition of 8°Rb
atom in its D1 manifold. Here 1, 2 and 3 represents the saturation absorption spectrum
peak for the F' = 3 — F’ = 2 transition, cross over resonance peak and F' =3 — F' =3

transition respectively.

1.4 Organization of the thesis

Chapter 2 describes a coherent generation of a near infrared optical field through
a three-wave mixing phenomenon in an atomic energy level scheme of ®**Rb atoms.
In systems with centrosymmetry, second-order nonlinear processes are absent [38|.
We have shown that the generation processes will follow a three-photon resonance
condition between all the three electromagnetic fields, which is a direct consequence
of energy conservation in this sum-frequency process. The bandwidth of the gen-
eration process is decided by the Raman coherence present in the system. When
a two-photon resonance between the coupling field and the generated probe field is
satisfied, the probe field also undergoes an EIT effect [39]. The EIT phenomenon
is suppressing all linear absorption process and the dark state associated with EIT
is responsible for the suppression of all the decoherence effect such as spontaneous
emission from the excited state. The chapter concludes by comparing our scheme

with other physical realization for microwave-to-optical frequency conversion.

Chapter 3 covers the phase-dependent amplification of an optical field using

microwaves. We have done a theoretical analysis of the three-wave mixing present
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in our A system. We have obtained an analytical expression for the probe field
using density matrix analysis. Our analysis shows that, in addition to a generation
of probe field which is discussed in earlier chapter, there will be an amplification
also possible for the probe field in our A system. The physical mechanism of the
amplification process reveals that the amplification is due to an interference of the
input probe field and the generated probe field. This interference effect can give
rise to an amplification or a de-amplification depends on the phase of the generated
probe field. This probe phase can be controlled by the phase of the microwave field
as described in previous chapter. Thus making the system as a phase depended
amplifier (PDA). The dependence of amplification and de-amplification of probe
field is studied with various microwave field intensities, and with various two-photon

detuning. The chapter ends with concluding the results.

Chapter 4 is an experimental demonstration of the results presented in chap-
ter 3. We observe amplification and de-amplification of the input probe beam. In
this experiment, we investigate the gain experienced by the probe field both in the
presence and absence of two-photon induced ground state coherence. By carefully
choosing an experimental arrangement, we could control the two-photon detuning
by changing the microwave detuning which is connecting the ground and the excited
states. We show that a simultaneous fulfilment of a two-photon resonance condi-
tion that creates ground state coherence and a three-photon resonance condition
leads to a significantly higher amplification of the optical probe field. By selectively
breaking the ground state coherence using microwaves, we show that the amplifi-
cation reduces. Nevertheless, the system shows non-zero PDA for large two-photon
detunings with high visibility. This novel, controllable hybrid-PDA can be poten-
tially used to trade-off amplification for bandwidth during the transmission of phase

coherent classical and quantum information.

In the last chapter, we conclude the thesis by giving a summary. Also, a brief

overview of future works is given.
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Chapter 2

Coherent microwave-to-optical
conversion by three-wave mixing in a

room temperature atomic system.

2.1 Introduction

In the past decade,using ultra-cold solid-state devices quantum bits (qubits) have
been realized in the microwave frequency regime. These include superconducting
qubits of diverse flavours [1], charge qubits in various material systems [2], spin
qubits [3], electron spin systems [4], and nuclear spins [5|. However, it is incon-
venient to transmit quantum information encoded in microwave frequency over a
long distance. The microwave signal decays rapidly during propagation and is easily
disturbed by thermal noise at room temperature. In stark contrast, the optical pho-
tons are robust to thermal noise, and optical fibers can efficiently transmit quantum
information over long distances. Thus it creates a strong interest in developing in-
terfaces between microwave and optical frequencies [6]. Single-photon detectors and
quantum memories [7] use optical, electromagnetic fields, suggesting the need for
the bi-directional transfer of quantum information between microwave and optical
photons. Thus coherent conversion of microwave-to-optical frequency has tremen-
dous potential for developing next-generation classical and quantum technologies.
Microwaves and optical fields have a five-order difference in frequency, making it

difficult to find a suitable platform for interaction and signal transfer between these
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two widely separated fields. In recent times nonlinear frequency conversion from
microwave to optical frequencies has garnered a lot of attention [8, 9, 10]. This is
owing to the ease of transport and detection of gigahertz signals through optical
channels and the essentially noise-free nature of frequency conversion process. The
latter attribute has been central to proposing high-fidelity classical and quantum
conversion of signals between microwave and optical frequencies [11, 12]. A range of
devices have been proposed to demonstrate this frequency conversion phenomena.

Starting from the commonly used electro-optic-modulator, several authors have
investigated carefully engineered whispering-gallery-mode resonators [13, 14], micro
and nano sized hybrid electro-opto-mechanical devices operating at a few kelvin 15,
16|, efficient microwave frequency conversion mediated by a photonics compatible
silicon nitride nano beam oscillator [17], rare-earth doped crystals [18] and gaseous
atomic systems with induced coherence [19] as viable architectures for effecting
non-linear frequency generation and signal transfer. In atomic systems, there have
been several theoretical proposals [20, 21, 22, 23, 24|, but very few experimental
demonstrations [25, 26]. These studies highlight various aspects of the non-linear
generation phenomenon such as efficiency, bi-directionality and non-reciprocity.

Four-wave mixing phenomenon has been a widely utilized non-linear frequency
generation process in atomic systems [27, 28|. Beginning with lasing without inver-
sion [29], experiments showing new frequency generation have been performed, which
combine atomic coherence effects with four-wave-mixing process [30, 31, 32, 33]. To
increase the efficiency of nonlinear process the more efficient three-wave mixing
could be used. However in neutral atomic systems three-wave mixing nonlinear-
optical processes are forbidden by symmetry [34]. In order to observe these nonlin-
ear optical processes in an atomic vapour, some method must be used to break the
symmetry of the medium. The utilisation of a magnetic-dipole interaction breaks
the symmetry requirement and enables a three-wave mixing response to emerge in
the centro-symmetric atomic system [35]. To achieve this, we have chosen a three
hyperfine atomic level scheme in room temperature Rubidium atoms which is cou-
pled with microwave and optical fields.

In this chapter, we demonstrate a novel three-wave mixing process in a room

temperature gaseous atomic vapour of Rb atoms, which utilizes induced atomic
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coherence to generate a near infrared optical field. This three-wave mixing pro-
cess combines an electric dipole and a magnetic dipole transition, in optical and
microwave frequency domains respectively, leading to generation of a new infra-red
frequency. A unique feature of our system is that despite thermal motion of our
atoms which are at room temperature and despite resonant non-linear interaction,
the generation process is coherent. It is neither affected by the Doppler width nor
by decay processes from excited states. This is due to the fulfillment of both two-
photon and three-photon resonance conditions for our system by all the three fields.
During the generation process of the probe field, the probe and the coupling satisfy
a two-photon resonance that shelves the atoms in a dark state owing to the electro-
magnetically induced transparency effect [36], making the process immune to noise
effects due to spontaneous decay from excited states. As is well known the two-
photon resonance condition is Doppler free. This Doppler-free condition remains
valid even during the fulfillment of the three-photon resonance condition between
all the three electromagnetic fields due to the very narrow Doppler width seen by
the atoms for microwaves.

Thus due to a non-linear interaction between induced electric and magnetic
dipoles and due to formation of atomic ground state coherence we have demon-
strated for the first time the lowest order coherent non-linear frequency conversion
process from an atomic ensemble. The band width for coherent conversion from
microwave to optical frequencies with this scheme is shown to be about 825 kHz.
The efficiency of our conversion process is about 2.6 x 107%%. The efficiency is
mainly dictated by the weakness of magnetic-dipole interaction induced by the mi-
crowave field. Nevertheless the fidelity that could be achieved by our scheme for
signal transfer will be very high due to absence of major sources of decoherence in
our conversion mechanism. This aspect can be exploited especially for transfer of

quantum signals as previously shown [37].
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2.2 Experimental details

We have chosen a three-level system around the D1 manifold of hyperfine levels
of ®Rb atoms. The three atomic energy levels chosen for our experiment are the
ground state 552, F' = 2, the metastable state 55,2, F' = 3 and the excited state
5Py /2, F' = 3' labeled as |1), |2) and |3) respectively as shown in Fig. 2.1. The meta-
stable ground state 559, F' = 3 state (|2)) to the excited state 5P/, F' = 3' (|3))
transition is driven by an optical coupling laser having an angular frequency of w..
While the ground state 555, I’ = 2 state (|1)) is connected to the metastable state
5512, F = 3 state (|2)) with a microwave drive field with an angular frequency of
wrr. In this energy level structure, due to selection rules, the transition |1) — |3)
and |2) — |3) are electric dipole allowed transitions, while [1) — |2) transition is
electric dipole forbidden transition. Thus the magnetic dipole transition |1) — |2)

is driven by a microwave field (wgrp).

|3>:>52P1/2,F/:3

}5p

1) = 528 /0, F =2

Figure 2.1: A A system formation using hyperfine levels of ®Rb in its D1 manifold.

In our experiment the optical coupling beam is derived from an external cavity

diode laser (ECDL) with a line-width of a few hundred kHz. The frequency of the
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coupling laser w, is controlled by a saturated absorption spectroscopy (SAS) setup.
The detailed experimental setup is shown in Fig. 2.2. The detuning of the coupling
field from the |2) — |3) transition is denoted by d.. The microwave drive field is
generated from a microwave source, the detuning of the microwave drive field is
denoted as dgrp. A vapour cell of length 5 cm containing enriched ®**Rb atoms at a
temperature of 300 K, is used in our experiment. To overcome the weakness of the
magnetic-dipole transition driven by the microwave field the vapour cell is placed
inside a cylindrical microwave cavity. This cavity supports a TEg;; mode of the
microwave field with a high quality factor of 9000+ 1000 at 3.0357 GHz, which is
the separation between the levels |1) and |2). This is shown in the schematic of the

experimental setup, also given in Fig. 2.2.

Figure 2.2: Schematic of experimental set up. Here ECDL —External Cavity Diode
Laser, GP —Glass plate, HWP —half-wave plate, QWP —quarter wave-plate, PBS —po-
larizing beam-splitter, AOM —Acousto-optic modulator, M —Mirror, MS —Microwave

source, PS —Phase shifter, D —Detector, SA —Spectrum analyzer.

A typical experimental run consists of locking the coupling laser at resonance

with 6. = 0. The microwave drive field is then scanned around its resonance with
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Orr spanning through 4+ 2 MHz. During this scan, the coupling optical field and the
microwave drive field interact non-linearly with the atoms. A sum-frequency gener-
ation takes place, giving rise to a probe field w, with a frequency w, = w. +wgrr. In
our experiment, the phase-matching requirement k::7 = k_; + k:;w for efficient genera-
tion ensures that the generated infrared probe field is in the same direction as the
undepleted coupling field.

A heterodyne detection is employed to separate probe field from other fields.
An acousto-optic modulator (AOM) is used to generate the local oscillator beam
by sending a part of the coupling beam. The AOM is driven by a radio frequency
source at 70 mHz. After the AOM double pass, we chose the local oscillator beam
using an iris having a frequency of w. + 140 MHz. The heterodyne detection of the

probe field is done using a spectrum analyzer(Fig. 2.2).

2.3 Results and discussion

Now we proceed to show the experimental results. We have studied the characteris-
tics of the generated probe field by measuring the beat-note between the generated
probe beam and the local oscillator beam. The spectral profile of the generated
probe field is shown in Fig. 2.3. This measurement is taken when the detunings of
the optical coupling and microwave drive field are at resonance with their respective
transitions. The x axis in Fig. 2.3 refers to this beat-note frequency.

The width of the generated probe field is calculated from the Gaussian fit to
the experimental data. The width of the generated probe field is found to be about
3 kHz at a resolution bandwidth of 100 Hz. Such a narrow bandwidth for the gener-
ated probe field is only possible when decay processes involving optical excited states
are completely absent in the sum-frequency generation. This is remarkable because
the coupling field is on resonance with the |2) — |3) transition which has a natural
decay width 13 of about 5 MHz due to which there is a strong possibility for spon-
taneous decay into the frequency regime of the sum-frequency generation process.
We have experimentally observed a much narrower linewidth indicates suppression

of one-photon optical resonance processes in the three-wave mixing phenomenon.
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Figure 2.3: The spectral width of the generated probe field is shown when both the
coupling and the microwave fields are at resonance with their respective transitions. The
experimental points are shown as circles with a Gaussian fit shown as a continuous line. The

resolution bandwidth (RBW) of the spectrum analyzer was 100 Hz for this measurement.
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The width of the generated probe field is very close to the meta-stable state decay
width ~y;5 which is about 1 kHz.

5 (MHz)

5w (MH2)

Figure 2.4: Detuning ¢, at which maximum probe light generation is seen as a function of
detuning dry of the microwave drive field with the coupling field on resonance with é. = 0.

The experimental points are shown as circles with a linear fit shown as a continuous line.

We now demonstrate that the sum-frequency generation satisfies a three-photon
resonance condition, a direct consequence of energy conservation when one coupling
optical photon combines with a microwave drive photon to generate an optical probe
photon. The three-photon resonance condition is defined between the two optical

and one microwave field as

5y — 6. — Opp = 0. (2.1)

Detuning 9, at which maximum probe light generation is observed as a function of
detuning drp of the microwave drive field, is plotted in Fig. 2.4. This plot is obtained
by varying the detuning of the microwave field dgr while keeping the coupling field
resonant with the |2) — |3) transition (i.e. 6. = 0). It is evident from Fig. 2.4 that
the detuning at which maximum probe field generation is observed denoted by d,
has a one-to-one scaling with the detuning of the microwave drive field drp. This is
expected from the three-photon resonance condition as given in Eq.( 2.1) with 6. =
0. The straight-line fit to the data unambiguously confirms that the sum-frequency

generation process follows a three-photon resonance condition. The error bars in
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this plot denote the narrow range over which this condition is satisfied. Thus this
plot not only confirms the non-linear frequency conversion but also shows that the
generation process occurs even when the microwave drive field is non-resonant with

1ts transition.
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Figure 2.5: Generated probe power as a function of probe field detuning d, when d. = 0.
Values of 0, are extracted from Fig 2.4 for corresponding values of microwave detuning
Orr- The experimental points are shown as circles with an EIT fit shown as a continuous

line.

In order to confirm the suppression of one-photon optical processes in our gener-
ation scheme, we examined the possibility that our undepleted coupling beam and
the generated probe beam are shelving the atom in a dark state due to the fulfillment
of a two-photon Raman resonance condition.

To substantiate this, we measured the power of the generated probe field with
varied values of microwave detuning drr while keeping d. = 0. The corresponding
probe field detunings d, for generation are acquired from Fig. 2.4. The result of
these measurements is plotted in Fig. 2.5. Every point along this curve satisfies the
three-photon resonance condition which is a necessary and sufficient condition for
probe generation. But as can be seen in Fig. 2.5 the generated probe power does not
remain constant and varies along this curve. We find that the probe beam has max-

imum power only at d, = .. This establishes that the sum-frequency generation
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Figure 2.6: Generated optical probe power as a function of input microwave intensity at
constant coupling field intensity of 8.9 mW /cm?. The experimental data points are shown

as red circles with a theoretical fit shown as a continuous blue line.

has maximum efficiency when a two-photon resonance condition is also satisfied.
Under two-photon resonance condition, the atoms are shelves in a dark state, giving
rise to an induced transparency effect [36] for the generated probe field. Therefore
uniquely for our system, the non-linear generation of the probe light also minimizes

its one-photon optical processes and the consequent losses.

The solid line in Fig. 2.5 is a fit to our experimental data fitted with the for-
mula [38]

2 2

Bp=C- (r%ilaz - rgcf&) (22)
This fit represents the fact that the generation process satisfies Fano-interference [39].
This formula decomposes the power of the generated probe P, as a difference of two
Lorentzians centered around the same value of probe detuning 6, = 0. That we are
measuring a transmitted beam is taken care by subtracting the sum from an overall
constant C'. From the fitted values, we find the width 2I'y which arises from Raman

coherence to be about 825 kHz.
We have measured the dependence of the generated probe power as a function of
both the drive microwave field intensity and the coupling optical field intensity. As

shown in Fig. 2.6, the generated probe power varies linearly with input microwave
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Figure 2.7: Generated optical probe power as a function of coupling field intensity at

2

a constant microwave field intensity of 1.12 mW /cm®. The experimental data points are

shown as red circles with a theoretical fit shown as a continuous blue line.

intensity for small intensities and reaches saturation beyond an input intensity of
about 4.4 mW /cm?.

A similar trend is also seen in Fig. 2.7 where the generated probe power is plotted
as a function of input coupling intensity. We see that beyond a coupling intensity
of about 38 mW /cm? the generated probe power remains constant. In Fig. 2.6 and
Fig. 2.7 the continuos line is the theoretical fit to the corresponding experimental
data. The theoretical formula used for fitting is explained in the next chapter. In
non-linear wave generation processes the linear regime indicates that the input cou-
pling and drive fields are undepleted [34]. Beyond the linear regime, the coupling
and microwave drive fields begin to be substantially absorbed. In this regime, the
imaginary part of the non-linear susceptibility cannot be ignored resulting in satu-

ration of the generated probe field.

The efficiency 7 of probe generation is calculated using the definition [25],
P

hv
=i FZ - (2.3)
hvrp

where P, is the generated probe power at frequency v, and Iz is the input mi-
crowave intensity at frequency vrp. Here Agp is the cross sectional area of microwave

with intensity Igp that interacts with the atoms. The maximum value for 7 that
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constant coupling intensity of 8.9 mW /cm®. Red circles are experimental data and the

continuous blue line is the theoretical fit.

is seen in our experiment is 2.6%*10~* %. The photon conversion efficiency depen-
dence with microwave intensity and coupling field intensity are shown in Fig. 2.8
and Fig. 2.9, respectively. The equation used for the theoretical fitting is given in

Appendix.

The factors that affect the efficiency are the weakness of magnetic dipole transi-
tion induced by the microwave field and the lower number density obtainable with
room temperature atomic vapours.

We have explicitly confirmed the coherent nature of our generation process by
the following experiment. We derive a local oscillator beam by sending a part of
the coupling beam to an electro-optic modulator (EOM). The EOM is driven by the
same microwave source at 3.0357 GHz which is used to drive our microwave cavity.
The EOM generates two side-bands at w.£3.0357 GHz frequencies. We now mix the
generated probe frequency with the frequencies generated by the EOM. We detect
the beat note using a spectrum analyzer.

We now introduce known phase shifts to the microwave which is feeding our
cavity keeping its power remaining constant through an external microwave phase

shifter. We then measure the changing power at our heterodyne measurement fre-
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quency which results from changes in the generated optical phase. We then extract
the optical phase from this data. This is given in Fig. 2.10. From this figure it is
clear that the probe phase changes commensurately with a change in the microwave

phase proving the coherent nature of probe field generation.

2.4 Conclusions
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Figure 2.11: Photon conversion efficiency vs conversion bandwidth for different trans-

duction approaches.

Many physical systems have been successfully used to demonstrate coherent
microwave-to-optical transduction. A comparison of these physical system based on
their photon conversion efficiency and conversion bandwidth will be useful. Fig. 2.11
shows the different transduction approaches having their highest achieved photon
conversion efficiency. The optomechanical system has achieved the highest effi-
ciency of 0.47, amongst other physical realization, but a relatively low bandwidth
of 12 kHz [40]. Optomechanical systems also require various techniques to suppress
thermal noise. With the help of double cavities, electro-optics experiments have
demonstrated a higher bandwidth of 1.38 MHz with an efficiency of 1.09 x 1072 [41].

Recent investigations on Rydberg atomic ensemble has given a chance to improve
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the conversion bandwidth to the highest value of 15 MHz but having an efficiency
of 5x 1072 [42]. Rare-Earth dopped crystals are also an appealing candidate for the
microwave-to-optical conversion. Employing Erbium-doped crystal as the conver-
sion medium and using optical Fabry—Perot resonator and superconducting magnet
at liquid Helium temperature, microwave-to-optical telecom-wavelength conversion
has been demonstrated [43]. They have achieved an efficiency of 107 with a band-
width of 1 MHz. One of the other approaches is the magnon based transducer.
The fundamental idea in this method is to use collective magnetostatic spin excita-
tions (magnons) as the intermediary mode. Using this magneto-optic medium, they
have obtained a photon conversion efficiency of 107!° and a conversion bandwidth
of 2.28 MHz [44].

The coherent microwave-to-optical conversion described in this chapter is the
first observation reported so far from atomic systems using a three-wave mixing
process. Such an observation has not been possible due to the absence of any three-
wave processes for electric-dipole mediated non-linear generation in centrosymmetric
atomic systems. In our system, the symmetry is broken because of the interaction
of induced magnetic and electric dipoles, allowing for a three-wave mixing process.
Our experiment significantly reduces the number of input beams required and enor-
mously simplifies the experimental requirements. To put this in context the only
experimental demonstration of coherent generation between microwave and optical
frequency regimes from atomic systems utilized a six-wave mixing process and also
required ultra-cold atomic samples |25, 42].

Despite the low efficiency of our microwave-to-optical conversion scheme due to
the magnetic dipole interaction, our conversion mechanism has the potential for high
fidelity signal transfer between these two frequency regimes. This arises because the
two-photon resonance in our scheme prevents decoherence by spontaneous emission
by shelving the atom in a dark state, which are the very states used traditionally
as quantum memory states. Hence our scheme is ideally suited for transfer of quan-
tum information where fidelity of transfer is essentially limited by optical quantum

memory [19] and not by loss of signal strength [37].

45



Bibliography

1]

2l

3]

4]

[5]

(6]

17l

8]

19]

M. H. Devoret and R. J. Schoelkopf. Superconducting circuits for quantum
information: An outlook. Science, 339(6124):1169-1174, 2013.

Yu. A. Pashkin, O. Astafiev, T. Yamamoto, Y. Nakamura, and J. S. Tsai.
Josephson charge qubits: a brief review. Quantum Information Processing,

8:55-80, 2009.

L. M. K. Vandersypen, H. Bluhm, J. S. Clarke, A. S. Dzurak, R. Ishihara,
A. Morello, D. J. Reilly, L. R. Schreiber, and M. Veldhorst. Interfacing spin

qubits in quantum dots and donors—hot, dense, and coherent. npj Quantum

Inf, 3(34):1-10, 2017.

Ronald Hanson and David D Awschalom. Coherent manipulation of single spins

in semiconductors. Nature, 453(7198):1043-1049, 2008.

L. M. K. Vandersypen and I. L. Chuang. Nmr techniques for quantum control
and computation. Rev. Mod. Phys., 76:1037-1069, Jan 2005.

Nicholas J. Lambert, Alfredo Rueda, Florian Sedlmeir, and Harald G. L. Schwe-
fel. Coherent conversion between microwave and optical photons—an overview
of physical implementations. Advanced Quantum Technologies, 3(1):1900077,
2020.

J. J. Longdell, E. Fraval, M. J. Sellars, and N. B. Manson. Stopped light
with storage times greater than one second using electromagnetically induced

transparency in a solid. Phys. Rev. Lett., 95:063601, Aug 2005.

Guilherme Tempor ao, Sébastien Tanzilli, Hugo Zbinden, Nicolas Gisin, Thierry
Aellen, Marcella Giovannini, and Jérome Faist. Mid-infrared single-photon

counting. Opt. Lett., 31(8):1094-1096, Apr 2006.

M. Jalal Khan, Jerry C. Chen, and Sumanth Kaushik. Optical detection of
terahertz radiation by using nonlinear parametric upconversion. Opt. Lett.,

32(22):3248-3250, Nov 2007.

46



[10]

[11]

[12]

[13]

[14]

[15]

[16]

17]

18]

D. V. Strekalov, A. A. Savchenkov, A. B. Matsko, and N. Yu. Efficient upcon-
version of subterahertz radiation in a high-q whispering gallery resonator. Opt.

Lett., 34(6):713-715, Mar 2009.

Ganesh K Gopalakrishnan, William K Burns, and Catherine H Bulmer.
Microwave-optical mixing in linbo/sub 3/modulators. IEEE Transactions on

Microwave Theory and Techniques, 41(12):2383-2391, 1993.

Ze-Liang Xiang, Sahel Ashhab, J. Q. You, and Franco Nori. Hybrid quan-
tum circuits: Superconducting circuits interacting with other quantum systems.

Rev. Mod. Phys., 85:623-653, Apr 2013.

D. V. Strekalov, H. G. L. Schwefel, A. A. Savchenkov, A. B. Matsko, L. J.
Wang, and N. Yu. Microwave whispering-gallery resonator for efficient optical

up-conversion. Phys. Rev. A, 80:033810, Sep 2009.

Alfredo Rueda, Florian Sedlmeir, Michele C. Collodo, Ulrich Vogl, Birgit Stiller,
Gerhard Schunk, Dmitry V. Strekalov, Christoph Marquardt, Johannes M.
Fink, Oskar Painter, Gerd Leuchs, and Harald G. L. Schwefel. Efficient mi-

crowave to optical photon conversion: an electro-optical realization. Optica,

3(6):597-604, Jun 2016.

Joerg Bochmann, Amit Vainsencher, David D Awschalom, and Andrew N Cle-
land. Nanomechanical coupling between microwave and optical photons. Nature

Physics, 9(11):712, 2013.

Reed W Andrews, Robert W Peterson, Tom P Purdy, Katarina Cicak, Ray-
mond W Simmonds, Cindy A Regal, and Konrad W Lehnert. Bidirectional
and efficient conversion between microwave and optical light. Nature Physics,

10(4):321, 2014.

J M Fink, M Kalaee, R Norte, A Pitanti, and O Painter. Efficient microwave fre-
quency conversion mediated by a photonics compatible silicon nitride nanobeam
oscillator. Quantum Science and Technology, 5(3):034011, jun 2020.

Christopher O’Brien, Nikolai Lauk, Susanne Blum, Giovanna Morigi, and

47



[19]

[20]

[21]

22]

23]

[24]

[25]

[26]

27]

Michael Fleischhauer. Interfacing superconducting qubits and telecom photons

via a rare-earth-doped crystal. Physical review letters, 113(6):063603, 2014.

Susanne Blum, Christopher O’Brien, Nikolai Lauk, Pavel Bushev, Michael
Fleischhauer, and Giovanna Morigi. Interfacing microwave qubits and optical

photons via spin ensembles. Phys. Rev. A, 91:033834, Mar 2015.

Mohammad Hafezi, Zaeill Kim, Steven L Rolston, Luis A Orozco, BL Lev, and
Jacob M Taylor. Atomic interface between microwave and optical photons.

Physical Review A, 85(2):020302, 2012.

Martin Kiffner, Amir Feizpour, Krzysztof T Kaczmarek, Dieter Jaksch, and
Joshua Nunn. Two-way interconversion of millimeter-wave and optical fields in

rydberg gases. New Journal of Physics, 18(9):093030, 2016.

Bryan T. Gard, Kurt Jacobs, R. McDermott, and M. Saffman. Microwave-to-
optical frequency conversion using a cesium atom coupled to a superconducting

resonator. Phys. Rev. A, 96:013833, Jul 2017.

Lewis A Williamson, Yu-Hui Chen, and Jevon J Longdell. Magneto-optic mod-
ulator with unit quantum efficiency. Physical review letters, 113(20):203601,
2014.

Yu-Guo Liu, Keyu Xia, and Shi-Liang Zhu. Efficient microwave-to-optical
single-photon conversion with a single flying circular rydberg atom. Opt. Fzx-

press, 29(7):9942-9959, Mar 2021.

Jingshan Han, Thibault Vogt, Christian Gross, Dieter Jaksch, Martin Kiffner,
and Wenhui Li. Coherent microwave-to-optical conversion via six-wave mixing

in rydberg atoms. Phys. Rev. Lett., 120:093201, Mar 2018.

Thibault Vogt, Christian Gross, Jingshan Han, Sambit B. Pal, Mark Lam,
Martin Kiffner, and Wenhui Li. Efficient microwave-to-optical conversion using

rydberg atoms. Phys. Rev. A, 99:023832, Feb 2019.

Zhongzhong Qin, Leiming Cao, Hailong Wang, A. M. Marino, Weiping Zhang,
and Jietai Jing. Experimental generation of multiple quantum correlated beams

from hot rubidium vapor. Phys. Rev. Lett., 113:023602, Jul 2014.

48



28]

[29]

130]

[31]

32|

33]

[34]

[35]

[36]

37]

138

V. Boyer, A. M. Marino, and P. D. Lett. Generation of spatially broadband
twin beams for quantum imaging. Phys. Rev. Lett., 100:143601, Apr 2008.

Marlan O Scully and Michael Fleischhaurer. Lasers without inversion. Science,

263(5145):337-339, 1994.

S. E. Harris, J. E. Field, and A. Imamoglu. Nonlinear optical processes using
electromagnetically induced transparency. Phys. Rev. Lett., 64:1107-1110, Mar
1990.

T Meijer, JD White, B Smeets, M Jeppesen, and RE Scholten. Blue five-level
frequency-upconversion system in rubidium. Optics letters, 31(7):1002-1004,
2006.

Alexander M. Akulshin, Russell J. McLean, Andrei I. Sidorov, and Peter Han-
naford. Coherent and collimated blue light generated by four-wave mixing in

rb vapour. Opt. Express, 17(25):22861-22870, Dec 2009.

Alexander Akulshin, Dmitry Budker, and Russell McLean. Directional infrared
emission resulting from cascade population inversion and four-wave mixing in

rb vapor. Opt. Lett., 39(4):845-848, Feb 2014.

Robert W. Boyd. Nonlinear Optics, Third Edition. Academic Press, Inc.,
Orlando, FL, USA, 3rd edition, 2008.

P. S. Pershan. Nonlinear optical properties of solids: Energy considerations.

Phys. Rev., 130:919-929, May 1963.

S. E. Harris. Lasers without inversion: Interference of lifetime-broadened reso-

nances. Phys. Rev. Lett., 62:1033-1036, Feb 1989.

Alessandro Fedrizzi, Rupert Ursin, Thomas Herbst, Matteo Nespoli, Robert
Prevedel, Thomas Scheidl, F. Tiefenbacher, Thomas Jennewein, and Anton

Zeilinger. High-fidelity transmission of entanglement over a high-loss freespace

channel. Nat. Phys, 5:389, May 2009.

P. M. Anisimov, J. P. Dowling, and B. C. Sanders. Objectively discerning
autler-townes splitting from electromagnetically induced transparency. Phys.

Rev. Lett., 107:163604, Oct 2011.

49



139]

[40]

[41]

42]

[43]

[44]

P. Anisimov and O. Kocharovskaya. Decaying-dressed-state analysis of a co-

herently driven three-level A system. J. Mod. Opt., 55(19-20):3159-3171, 2008.

Andrew P Higginbotham, PS Burns, MD Urmey, RW Peterson, NS Kampel,
BM Brubaker, G Smith, KW Lehnert, and CA Regal. Harnessing electro-optic
correlations in an efficient mechanical converter. Nature Physics, 14(10):1038—

1042, 2018.

Linran Fan, Chang-Ling Zou, Risheng Cheng, Xiang Guo, Xu Han, Zheng
Gong, Sihao Wang, and Hong X. Tang. Superconducting cavity electro-optics:
A platform for coherent photon conversion between superconducting and pho-

tonic circuits. Science Advances, 4(8), 2018.

Thibault Vogt, Christian Gross, Jingshan Han, Sambit B. Pal, Mark Lam,
Martin Kiffner, and Wenhui Li. Efficient microwave-to-optical conversion using

rydberg atoms. Phys. Rev. A, 99:023832, Feb 2019.

Xavier Fernandez-Gonzalvo, Sebastian P. Horvath, Yu-Hui Chen, and Jevon J.
Longdell. Cavity-enhanced raman heterodyne spectroscopy in er* : yosios for

microwave to optical signal conversion. Phys. Rev. A, 100:033807, Sep 2019.

R. Hisatomi, A. Osada, Y. Tabuchi, T. Ishikawa, A. Noguchi, R. Yamazaki,
K. Usami, and Y. Nakamura. Bidirectional conversion between microwave and

light via ferromagnetic magnons. Phys. Rev. B, 93:174427, May 2016.

20



Chapter 3

Phase dependent amplification of an

optical field using microwaves

3.1 Introduction

Optical amplifiers are vital in various fields, such as optical communications, en-
hancement of optical resolution [1, 2|, quantum information processing [3] and in
possible quantum computing [4] devices. Due to their ability to amplify optical sig-
nals directly, they became the essential element in communication systems. Among
optical amplifiers, a linear optical amplifier is well studied both theoretically and
experimentally. Worth emphasizing here is the fact that the linear amplifier yields
a formalism that is analytically tractable but still applicable to a broad class of
amplifiers. A linear optical amplifier can amplify the input signal, and the output
of the amplifier will be linearly dependent on the input signal. Linear amplifiers
can be classified into two major categories based on their gain and noise features.
One is a phase-insensitive amplifier (PTA), where both the quadrature of the input
signal gets amplified by the same amount [5]. In contrast, the second kind is a
phase-sensitive amplifier (PSA) whose gain is different in orthogonal quadratures
of the input signal [6]. If one quadrature of the signal is getting amplified, then
the orthogonal quadrature of the signal gets de-amplification. Apart from the gain
of the amplifier, noise added in the amplification process also differ in these two
kinds of amplifiers. In a PTA, the minimum added noise is half a quantum due to

the commutation relation. For PSA, which has a quadrature dependent noise it is
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possible to make one of the quadratures to be noiseless [6].
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Figure 3.1: (a) Phase space representation of a PIA. (b) Phase space representation of a

PSA.

The working principle of a PIA and PSA can be explained with the help of a
phase space diagram, as shown in Fig. 3.1. Here X and Y are the field quadratures
in units of \/hw—/Q In Fig. 3.1(a), shows the phase space representation of a PIA.
The input state to the amplifier has an amplitude of |«/|, and it has a noise value of a
in both quadratures, which is represented as a red disk. Since both the quadratures
amplify by the same amount, the output of the amplifier will have an amplitude of
V/Gpralal, and the noise spot remains as a disk with an added noise of v/2Gpra — 1
times the input noise.

In stark contrast, a PSA will amplify one quadrature and de-amplify its conju-
gate, resulting in distortion of the noise spot into an ellipse. However, despite the
distortion, the area of the noise spot is unchanged and remains equal to that of
the noise of the input signal. Thus a PSA can act as a noiseless amplifier. Hence
PSAs has found extensive applications in various fields such as optical telecommu-
nications [7, 8], metrology [9], quantum information processing [10, 11] and imaging
industry [12, 1]. Experimental realisation of PSA in different physical systems like
nonlinear crystals [13], nonlinear fibers [14], and in atomic systems via four-wave
mixing [15] and three wave mixing [16] have been reported.The ground state coher-
ence was explicitly exploited in achieving a PSA using atomic vapours in atleast

one previous work |15, 16]. In all these demonstrations all the electromagnetic fields
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where of similar wavelengths. Phase space representation of a PSA is shown in
Fig: 3.1(b). Here one quadrature of the input signal amplify by /G pga, while the
orthogonal quadrature gets de-amplify by the same amount (Amplify by 1/v/Gpsa)-

The motivation for the problems addressed in this chapter is to develop a theoret-
ical model to study the coherent conversion and amplification process of an optical

field using microwaves in a closed three-level scheme (A system).

In this chapter, we have done a theoretical analysis of the three-wave mixing
present in a cyclic atomic level scheme interacting with two optical and one mi-
crowave field. We have obtained an analytical expression for the probe field using
density matrix analysis. Our analysis shows that, in addition to a generation of
probe field, there will be an amplification also possible for the probe field in our
cyclic system. The physical mechanism of the amplification process is entirely dif-
ferent from a phase sensitive amplification as well as from a phase insensitive ampli-
fication process. Our theoretical analysis reveals that the amplification is due to an
interference of the input probe field and the generated probe field. This interference
effect can give rise to amplification or a de-amplification depending on the phase of
the generated probe field. This probe amplification can be controlled by the phase of
the microwave field. This makes the system as a phase depended amplifier (PDA).
The dependence of amplification and de-amplification of probe field is studied with

various microwave field intensities, and with various two-photon detunings.

3.2 Theoretical analysis

We have chosen a three-level atomic system which can be realized in a hyperfine
energy levels of 8Rb atomic system in its D1 manifold. The three energy levels are
interacting with two optical and one microwave electromagnetic field. This will be
hereafter referred to as a A system due to their closed nature of interaction, is shown
in Fig. 3.2. The ground state, metastable state and the excited state are represented
as |1), |2) and |3). The electric dipole transitions |1) — |3) and |2) — |3)
are driven by optical coupling and probe fields respectively. While |1) — |2)

transition is electric dipole forbidden transition, thus a magnetic dipole transition is

23



employed between these two states using a microwave drive field. The detunings of
the probe, coupling and microwave frequency relative to the corresponding transition

frequencies are ¢, 6, and drp respectively. The electric fields of the optical coupling

3)

1)

Figure 3.2: A System formation using a generic three-level scheme interacting with three

electromagnetic fields.

and probe fields propagating along z direction are expressed as

—

E (r) =¢c.cos(wet — ke - T+ ¢c)

—

E,(r) = €,&, cos (wpt — ky - T+ ¢p) (3.1)
and the microwave magnetic field can be written as
BRF('I") = gRFBRF COS (WRFt — ]{‘1;:1: . ’F—i— ¢RF) (32)

where ¢, w;, k; and ¢; for i € {p,c, RF} are the polarization, amplitude, frequency,
wave vector and initial phase labels of the respective fields. The amplitudes of the
coupling, probe and microwave field are represented as &.,&, and Bgr respectively.

The interaction Hamiltonian of our A system under rotating wave approximation

o4



can be written as,

N Q . -
Fi(r,0.0) = 1) (1] + af2) (2] + wal3)(3] — 2T et -omran )
Q(r) ot Qrp(r) o
_ treN g —l(wct k‘c47’+¢c) 2 - L —l(wRFt kRF‘T+¢RF) 2 1 H
> e 32 — R 2)(1] + HC.
(3.3)
We transform the Hamiltonian using unitary transformation
{j(t) = |1)(1] + el((wp—we)t—(kp—kec)z+¢p—¢c) 2)(2| + ei(wptfkpzwp)’gxg‘ (3.4)

and obtain a time independent Hamiltonian under three-photon resonance condition

defined as 63 = J,, — §. — dgrp = 0, with ground state |1) as the reference level.

r ) =~ A,0)3)(3] ~ (3(v) ~ Aclw)22] ~ 21
- QCQ("“) 13)(2] — wpm +HC, (3.5)

with H.C. denoting Hermitian conjugate and h is taken to be 1. A® is the relative
phase between all the fields defined as

AD(z) = drp + (kp — ke) 2. (3.6)

The Doppler-shifted detunings of the probe and coupling fields are given by A,(v) :=

dp — kp - v and A (v) := 6. — k. - v where v is the velocity of the atom. Here

Qp(r) = diz - Ey(7)
QC(’T‘) = d23 . EC(T)

Qrp(r) = p12 - Bre(r) (3.7)

are the Rabi frequencies. dj; and p;; are the electric and magnetic dipole matrix

elements respectively. All optical fields are taken to be propagating along the z

direction. The dynamical evolution of rotated density matrix 6(¢) = U(t) ﬁ(t)UT(t),

is given by the master equation [17]

= —i[H(v,2),6(v, 2, 1) + > _ L(ax)6 (v, 2,t) (3.8)

k=1

06 (v, z,t)
ot

with £(a) the Lindblad superoperator

L(a)o (v, z,t) = a6 (v, z,t)a" — —{6(v, 2,t),a'a} (3.9)

N | —
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acting on operators

a1 =/ (1 + )m2|1) 2], a2 = vm2(2)(1]
az =v/71311) (3], as = /723(2) (3|
as =v/7:(11) (1] — [2)(2]) (3.10)

with 12 and 93 = 713 representing natural linewidth of levels |2) and |3) respec-
tively, n is the average number of thermal photons and . being the phenomenolog-
ical decay constant modeling the finite quality factor of our microwave cavity. The

density matrix equations can now be written using Eq. (3.5,3.8,3.9,3.10),

5 £ i i i 162
9o33(v, 2,t) _i Co93(v, 2, 1) + 1710013(”72,75) - 7p031(v727t> ——

0'32(’0, z, t)

ot 2

— 713033(V, 2, 1) — Ya3033(v, 2, )

ot 2
10 _
- 7023(’0, 2, t) + ny12011 (v, 2, t) + Yo3033(V, 2, 1)

* 'Q* .
o12(v, 2, t) + 12C o32(v, 2, t) — 1%eﬁ‘pam(v, z,t)

— (7 + 1)y12092(v, 2, t)

80’32(’0, Z, t) IQp

5 :7012(0, z,t) + 17(:[022('0, z,t) — o33(v, 2,t)] — lﬂelm’

t
9 O'31('U,Z, )

+ iACO'32('U,Z,t) — %032(’0,2,25) - %032(’0, Z,t)

(n+1)
2

Y12032(v, 2, t) + %032(% z,t)
B £) 10 12
% :17p[011(v,z,t) —o33(v, 2,1)] + 17021(1” z,t) —

+1Ap051(v, 2, 1) — %031(’0, z,t) — %031(’0, z,t)

iQ) .
%B-IA(I)OBQ (v, z,t)

nYyi2

o31(v, 2, t) + %031(1}, z,t)

1 i
[0-11(’07 Z7t) - 0-22(,0a 27t>] + 2C 031(”7 Z, t) - 7P0_23(,U’ Zat)
(n+1)
2
0'11('U,Z,t) =1- UQQ(U,Z,t) - 0'33(’0, Z,t) (311)

0091 (v, 2, 1) N 1ORF ino
= e
ot 2

+i[A, — Ao (v, 2,t) —

nYyi2

712021(’0,2715) - 021(’0,2775)

In the limit of weak probe and microwave fields, €2, < Qrp < 2. We can assume

o6



o11 =~ 1. Solving Eq. (3.11) for o3; at steady state we obtain
QiFQFng(z)

:4F1F2F3 + Fg’QC(Z)P + FZ’QRF('Z)P
FgQC(z)QRF(z)e_iA‘I’

o31(v, 2)

— ) 3.12
4F1F2F3+F3|QC(Z)|2+F2|QRF(Z)|2 ( )
Here
Y13 Y23 M1z Ve o .
I'y=—7+4-—= = —iA
p Ty Ty Tty e
1
FQ (n—|—2)712—i(52—kp~v—|—kc"v),
Y13 . V23 n+1
g =— 4 — — —iA. 1
3 5 + 5 +( 5 )’712+2 1 (3 3)

where 9 = 0, — . is the two photon detuning. In Eq. (3.12) the coefficient of €2, in
the first term is proportional to the linear susceptibility of the probe field and the
coefficient of {2.)gr in the second term is proportional to the hybrid second order
susceptibility of probe field. This nonlinear susceptibility results from a combined
magnetic and an electric dipole transition induced by microwave field and optical
coupling field respectively resulting in a new optical probe field generation. A de-
tailed calculation of linear susceptibility and hybrid second order susceptibility in
this system can be found in [18].

Using the slowly-varying envelope approximation, we calculate the propagation

equation for the probe field inside our nonlinear medium as given below.

% - (3.14)
where 1, = (dfsw, N /2€gch) is the coupling constant for the probe field and N is the
number density of atoms. The propagation effect of the microwave field is not taken
into account due to the fact that the ratio nrr/n, = (wrr/wp)a?, where a ~ 1/137
is the fine structure constant. This results in ngp < 71, and the spatial variation of
microwave intensity is thus ignored. We therefore maintain Qgp(z) = Qgp(0) in our
theoretical analysis. In addition, the undepleted pump approximation is valid for
the coupling field in our system. This fact is incorporated by taking Q.(z) = €.(0).
We thus solve for Eq. (3.14) in spatially uniform coupling and microwave fields,
resulting in the following solution for the probe field.

iQ2(0)Qrp(0)e 12

©(1) = Q0 + =E2E

(e —1) (3.15)
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where

_ 2n, o003
Aol + I'3|2:(0)]2 + [y |Qrp(0) |2

3 (3.16)

is a complex number. The total probe amplitude at the end of the cell with

length [ is given by Eq. (3.15).

3.3 Phase dependent amplification

The physical picture of the amplification process present in our system can be ex-
plained with the semi classical field calculation done in the previous section. With
this calculation, we can discern a PDA from other linear amplifiers. A general PSA
amplifiers output field can be explained using the semi classical field expression given

below [15]

Qp(1) = MQ,(0) + L, (0). (3.17)

Where M and L are gain coefficients. From this expression it is expected that
the periodicity of the power gain vs input probe phase curve to be m, as shown
in [15]. In addition to this if M and L are following the relation |M|? — |L|? = 1,
then the PSA will be a noiseless amplifier and it can generate squeezed states of
light [6]. The amplification process presented in our scheme is distinctively different
from the PSA process. As can be noted from Eq. (3.15), we can simplify it and

write as,

(1) = M (0) + Q2% (0) 2 (0). (3.18)

Here the conjugate of €2,(0) is absent. In this case L = 0, which is the coefficient
of 2,7(0). It is evident from Eq. (3.15) and from Fig. 3.4 that the power gain vs
A® curve having a periodicity of 2. The second term in Eq. (3.18) represents the
three-wave mixing process. The generated probe field and the seed probe €2,(0) will
interfere resulting in an amplification or a de-amplification which is dictated by A®.

Hence our amplifier is not a phase sensitive amplifier but it is a phase dependent
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Figure 3.3: Real part of # vs two photon detuning ds.

amplifier, as the gain still depend on the input phase of the electromagnetic fields.

For a phase insensitive amplifier the output field can be written as [5],

0, (1) = MQ,(0). (3.19)

Here the output probe field only depends on the input probe field and the gain
provided by the system. Here M > 1, where |M|* will be the power gain of the PIA
amplifier. In our case the coefficient of Q,(0) is M = e~#. In Fig. 3.3 we have plotted
the real part of 8 with various two photon detuning. It is evident from the Fig. 3.3
that the real part of g is always positive under three photon resonance condition.
Thus the value of M will always be less than 1. Therefore our amplification process

cannot be classified under a phase insensitive amplification process.

3.4 Results

The amplification present in our system can be explained using Eq. (3.15). The
total probe amplitude at the end of the cell with length [ is given by Eq. (3.15).
The first term in Eq. (3.15) represents phase changes and losses suffered by the
input probe field due to linear susceptibility and the second term represents similar
changes experienced by the generated probe field. The input probe and the generated

probe field amplitudes interfere constructively or destructively for appropriate values
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Figure 3.4: Probe gain vs relative phase between all the three fields A® for different
values of two photon detuning d2 at 2. = 0.4v13, Qrr = 0.2v13 and €}, = 0.0273
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of A® which results in either amplification or de-amplification of the probe field
respectively. Here the gain G of the amplifier can be defined as the ratio of the
transmitted probe power to the input probe power. In Fig. 3.4 shows the variation
of gain with relative phase between all the three fields A® for different values of two
photon detuning d,. A value G > 1 means an amplification of the probe field and
G < 1 means a de-amplification of the probe field. It is evident from our result that
the PDA process has a periodicity of 2r. When the relative phase A® varies from 0
to m, then the probe gain varies from an amplification regime to a de-amplification
regime. It is apparent from the Fig. 3.4 that the PDA reduces with increasing two
photon detuning ds.

0 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

Two photon detuning (52 / 27 (MHz)

Figure 3.5: A®, with two photon detuning ds at Q. = 0.4y13, Qrr = 0.2v13 and
Qp = 0.02’)/13

Apart from the reduction in gain, the phase at which maximum gain occurs de-
noted as ®@,,.«, also changes with two photon detuning d;. The change in phase shift
at which maximum gain occurs with respect to @ .y at do = 0 (@Y ) is defined as

max
AP = P — % for a two photon detuning of d,. In Fig. 3.5 we have plotted
A .. with two photon detuning d,. It is to be noted that, when the two photon
detuning 0, changes, then in Eq.( 3.15) the first and the second term changes and
develop a phase shift, due to this ®,,., also changes. As the two photon detuning

increases the quantity A®,,., saturates. This is owing to the decrease in the total

gain of the amplifier with higher d,, hence the phase sensitivity is also reduces.
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Figure 3.6: Gain vs two photon detuning at 2. = 0.625v13, Qrr = 0.312713 and Q, =
0.02’)/13

The variation of maximum gain and minimum gain of our PDA as a function of
o is plotted in Fig. 3.6. At two-photon resonance (d = 0), the input probe field
and generated probe field will propagate with minimal losses due to EIT effect. In
addition, probe field generation is most efficient at 9o = 0 resulting in a maximum
gain for the probe. When the two photon resonance is not satisfied (0, # 0), the
input probe field experiences linear absorption due to absence of EIT and also the
probe generation reduces as 1/, due to which the maximum gain decreases. The
de-amplification effect is due to destructive interference and therefore the second
term acquires a negative sign during de-amplification resulting in an increase in
the minimum gain value. As can be seen from the theoretical plot in Fig. 3.6, the
maximum gain and minimum gain curves reflect this symmetry.

Further, we have studied the dependence of our amplifier gain on the power of
optical fields. Fig: 3.7 shows the variation of maximum and minimum gain of the
PDA with input microwave power. The maximum and minimum gain of the PDA
as a function of input coupling power is plotted in Fig. 3.8. Initially, the maximum
gain increases linearly with input optical power and saturates to a maximum value.
The minimum gain follows a symmetric pattern with the maximum gain curve; it

reduces initially and saturates as the input optical power increases.
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In Fig. 3.6, Fig. 3.7 and Fig. 3.8, the blue line is represents maximum gain,
red line corresponds to minimum gain. The black line represents a unit gain, i.e.
G =1, above region of this line is amplification and below region corresponds to a

de-amplification regime.

3.5 Conclusion

A theoretical analysis of the three-wave mixing present in a cyclic atomic level
scheme interacting with two optical and a microwave field is done. A semi-classical
density matrix analysis of the cyclic level scheme interacting with three electromag-
netic fields is done. Our theoretical study proposes a phase dependent amplification
of an optical probe field which can be controlled by a microwave field. The ampli-
fication is due to an interference of the input probe field and the generated probe
field. This interference effect can give rise to amplification or a de-amplification de-
pending on the input microwave field phase. The distinctive difference between the
physical process in our amplification process and other linear amplifiers is discussed.
Further, the power gain of the probe field is studied with various parameters such
as two photon detuning, the relative phase difference between three electromagnetic
fields, and field power. Noise figure calculation of our phase dependent amplifier can
be pursued as a future extension of this work. This study will reveal more insight
into the phase dependent amplification and difference from other linear amplification

processes.
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Chapter 4

Microwave controlled ground state
coherence in an atom-based optical

amplifier

4.1 Introduction

Atom-based sensors and radio-over-fibre atomic antennas are rapidly emerging as
preferred architectures for sensing platforms and signal communication between mi-
crowave and optical frequencies [1, 2, 3]. Advances in quantum electrodynamical
superconducting circuits operating in the microwave domain for quantum informa-
tion processing, has stimulated strong interest in developing interfaces between these
two frequencies [4, 5|. In this context hybrid-amplifiers which will enable coherent
conversion and amplification of signals between microwave and optical frequencies
play a crucial role.

In traditional nonlinear optics, amplification of a probe field saturates due to
linear and nonlinear absorption, especially near atomic resonances [6]. Experimen-
tal realization of electromagnetically induced transparency(EIT) [7, 8] and coherent
population trapping (CPT) [9, 10, 11] eliminates linear absorption by a large frac-
tion, thereby enabling nonlinear amplification close to resonance. This opened the
new field of low light intensity nonlinear optics. The physical effect of CPT in induc-
ing a ground state coherence through the formation of dark state is at the heart of

elimination of linear response [12] and modification of nonlinear responses in atomic
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media [13]. There have been demonstrations of nonlinear wave mixing and opti-
cal amplification using resonant atomic systems [14, 15, 16, 17| which exploit this
ground state coherence. However, no thorough investigation of ground state coher-
ence linked to two-photon mechanisms and their effect on three-photon processes
has been experimentally performed.

In this chapter, we present experimental results of an atomic PDA whose ground
state coherence is controlled using microwaves and the amplification is observed at
optical frequencies. We have used a three-level atomic configuration in room tem-
perature $Rb atoms to achieve the amplification. These three levels are connected
cyclically by two optical fields and one microwave field rendering a closed, cyclic
interaction of atomic dipoles with all the three electromagnetic fields. This closed
system is sensitive to the relative phase of all the three fields, thus making the out-
put probe intensity dependent on the relative phase between all the three fields.

In our earlier work [18, 19|, phase dependent amplification (PDA) of the probe
field was seen using this system. In the present study, we investigate the explicit
role of ground state coherence in our probe transmission by selectively breaking the
two-photon resonance, which creates ground state coherence. We, therefore for the
first time, experimentally quantify the role of ground state coherence in a phase
dependent atomic amplifier. We have achieved a maximum probe amplification of
7.5 dB with a visibility of 98.8% in the presence of ground state coherence. The
amplification is shown to decrease sharply with increasing two-photon detuning.
However, a nonzero amplification is present even with a large two-photon detuning
of 15 MHz with reasonably high visibility of 66.8%. Our experimental results agree
very well with our theoretical calculations.

Our experiment shows that for high amplification in a PDA, it is necessary to
establish ground state coherence. However, for practical implementations of a PDA,
we can sacrifice amplification for bandwidth. Thus one can make a judicious choice
between amplification and bandwidth depending upon the application. This atom-
based PDA can potentially serve as a very good interface for coherent conversion
and amplification of quantum information generated in the microwave domain and

converted to optical frequencies.

68



4.2 Experimental details

52P1/2,F/ :3

5251 /2, F =2

Figure 4.1: Energy level scheme.

The hyperfine energy levels used in the experiment are 52S; 5, F = 2 (|1)), 5%Sy 2,
F = 3 (|2)) and 5°Py/5, F” = 3 (|3)). An optical coupling field (w.) with Rabi fre-
quency €, connects the transition 52S10, F = 3 (|2)) — 5°Pys2, 7 = 3 (|3)). A
microwave field (wgrr) at 3.0357 GHz, having a Rabi frequency Qgrp induces a mag-
netic dipole transition between the states 52S; /o, F = 2 (|1)) and 5%Sy 2, F = 3 (|2)).
The weak magnetic dipole transition is enhanced using a microwave cavity resonat-
ing at 3.0357 GHz frequency with a quality factor of 10000+1000. A probe field
(wp) connects the states |1) and |3), with a Rabi frequency €2,. The microwave and
the two coupling and probe optical fields connect the hyper-fine levels of the room
temperature ®Rb atoms in a cyclic configuration. This will be hereafter referred to
as a A system shown in Fig. 4.1.

A schematic representation of our experimental setup is shown in Fig. 4.2.
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Figure 4.2: Schematic of experimental set up. Here ECDL —External Cavity Diode
Laser, HWP —half-wave plate, QWP —quarter wave-plate, PBS —polarizing beam-
splitter, AOM —Acousto-optic modulator, M —Mirror, EOM —Electro-optic modula-
tor, MS —Microwave source, P —Power splitter, PS —Phase shifter, D —Detector, SA

—Spectrum analyzer.

An ECDL has been used to derive the coupling beam, which enters a fiber cou-
pled electro-optic modulator (EOM) driven by the microwave source to produce the
probe field. The probe and coupling beams pass through a vapour cell kept inside
the microwave cavity at room temperature. The cavity supports a standing wave
at 3.0357 GHz and so the atoms inside the cavity are subjected to two optical and
one microwave field. The optical fields after interaction emerge from the cavity and
the probe field is separated from the coupling field by heterodyne detection. The
amplitude of the probe field is analyzed using a spectrum analyzer. A digital phase
shifter has been used to control the phase of the microwave field, which enters the
cavity. The optical power of probe and coupling fields are kept constant at 33 pW
and 166 uW respectively and the optical density of the sample is calculated to be
1.0. The power of optical fields are chosen for values where the gain is a maximum.
The optical depth is fixed by the lowest detectable probe power by our high band-
width detector.

The microwave cavity and the EOM are driven by the same source of microwave

field, ensuring relative phase stability between all the three fields. Throughout the
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experiment, a three-photon resonance condition d3 = 0, — d. — dogr = 0, is satisfied.
Here 0., 0, and ogrp refer to the detunings of the coupling, probe and microwave
fields from their respective transitions respectively (Fig. 4.1). During all runs of our
experiment, the value of d. is kept zero and the equality d, = drp is maintained. A
change in dgp from its resonance thus enables selective breaking of two-photon res-
onance (d2 = 6, — 0. = 0) while ensuring that the three-photon resonance condition
remains satisfied.

We perform our experiment at a room temperature of 300 K. At this temperature
we can still observe true amplification of the input seed probe field for appropriate

values of input microwave and coupling powers.

4.3 Experimental observation
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Figure 4.3: Probe gain vs A® for different values of d2 at microwave intensity 1.03

mW /ecm?. The continuous line is the theoretical fit.

We observe amplification and de-amplification of the input probe beam as a
result of three-wave mixing interaction present in our Rb atomic system. This is
possible with the help of a microwave magnetic dipole transition, which allows a
three-wave mixing phenomenon by breaking the centro-symmetry of the atom [20].

The amplification is dependent on the relative phase between all the three fields.
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This relative phase is defined as
A®(2) = ¢rr + (ky — ke)z (4.1)

where ¢grp is the phase of the microwave field and k,z, k.z are the propagation
phases of the probe and coupling field respectively [18|. Since the microwave field
is inside a cavity, there are no propagation phases associated with it. The phases of
probe and coupling field are taken to be the same as they are derived from the same
source. When the relative phase A® changes from 0 to 7, the probe beam transits
from a regime of amplification to a regime of de-amplification with a periodicity of
27 as reported in our previous study [18].

As a significant new step, in the current experiment, we investigate the gain
(G) experienced by the probe field both in the presence and absence of two-photon
induced ground state coherence. This is achieved by selectively detuning the probe
field away from its resonance while maintaining the coupling field at its resonance.
This breaks the two-photon resonance condition and renders d = 9, —d. # 0. Since
our microwave source controls the EOM from which the probe laser is generated any
microwave detuning dgp results in the same numerical value for the detuning 9, of
the probe laser. Thus a selective breaking of two-photon resonance is achieved while
simultaneously maintaining the three-photon resonance necessary for efficient non-
linear wave mixing. The effect of this selective breaking of ground-state coherence
on probe amplification is shown in Fig. 4.3.

In this plot, we have shown the variation of gain (G) of the probe field as a func-
tion of relative phase difference (A®) at different two-photon detunings ;. Here the
gain G is calculated as the ratio of the transmitted probe power at a particular d, to
that at far-off-resonance where both the optical fields are away from their respective
resonance by more than 1 GHz.

The maximum and minimum gain are defined as the highest amplification and
de-amplification respectively, which is observed in the probe field. As can be seen
in this figure, for 5 # 0, the maximum gain decreases. Nevertheless, since d3 = 0
and since our system is phase dependent, we can see that even at non-zero d, we
achieve phase dependent amplification (G > 1) and de-amplification (G < 1).

The variation of maximum gain and minimum gain as a function of J, is plot-

ted in Fig. 4.4. As can be seen from the plot the nonlinear wave mixing is highly
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Figure 4.4: Maximum and minimum gain vs 2 in log scale for microwave intensity of
1.03 mW /cm?. Blue squares and red circles are experimental data points for maximum

and minimum gain respectively. The continuous lines are theoretical fit.

efficient and coherently adds to the input probe resulting in maximum amplification
of the probe in the presence of ground state coherence (d; = 0). As ds increases,
the maximum gain asymptotically reaches unity reflecting no gain. In a symmetric
fashion, the minimum gain increases from its lowest value as ¢y increases and also
seen to tend to unity at large do values. The full width at half maximum (FWHM)
of the amplification is found to be 5 MHz. A single data point represents an average
of 150 data points. The error bars denote the statistical standard deviation in our

data sets. All the theoretical fitting is done based on the calculations in Chapter 3.

Visibility is an important parameter for interference. In analogy with the inter-
ference of two fields arising from the two slits of a double-slit experiment, we identify
the generated probe and the seed probe to be the two interfering fields. Extending
this analogy, we can associate the maximum gain and minimum gain in our experi-
ment to the bright and dark fringes of the interference pattern respectively. Using
this comparison, the visibility at any given d is defined as the ratio between the dif-
ference of maximum gain and minimum gain to their sum. From Fig. 4.4, it is clear
that the maximum gain and the minimum gain asymptotically tend to unity for high
two photon detunings as explained earlier. For d, = 0, both the two-photon and

three-photon resonance conditions are satisfied which maximises the ground state co-
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herence assisted generation of the probe. Hence visibility is maximum for this value
and under ideal conditions will be unity. On the other end, for large non-zero values
of 9o, visibility will be at its lowest due to the negligible generation of the probe field

and will tend to zero. This behaviour is experimentally observed, as seen in Fig. 4.5.
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Figure 4.5: Visibility vs two photon detuning 5 for microwave intensity of 1.03 mW /cm?.

A large visibility value in our experiment indicates that the generated and input
probe fields have similar amplitudes. This is desirable in optical switches and digi-
tal communication [1, 2|. In our experiment, we obtain high visibility of 98.8% at
d2/2m = 0 and visibility of 66.8% at do/2m = 15 MHz as shown in Fig. 4.5. It is
important to note from Fig. 4.5 that faithful transmission of signals is possible with
very little amplification for two-photon detunings as large as 20 MHz with visibility
close to 37 % which is 1/e value of the visibility curve. Thus our PDA gives us the
freedom to choose amplification over bandwidth and vice-versa depending upon the

application.

In order to understand the dependence of visibility on microwave intensity, we
have plotted the variation of visibility with microwave intensity in Fig. 4.6 for
do/2m = 5 MHz. Visibility increases as microwave intensity increases and shows
saturation beyond 0.4 mW /cm?. This is because, as microwave intensity increases,

the probe generation will increase up to a point where absorption associated with
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Figure 4.6: Visibility vs microwave intensity for do/2m = 5 MHz.

nonlinearity will saturate any further increase [20]. This in-turn leads to a satura-
tion in the maximum gain and the minimum gain and consequently the visibility.

We have measured the variation of signal to noise ratio (SNR) of the optical
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Figure 4.7: SNR of the optical output probe field vs two photon detuning do for microwave
intensity of 1.03 mW /cm?.

output probe field for different values of two photon detuning to understand the
signal quality of the output signal. As expected the SNR is found to be decreasing
with increasing 0, as shown in Fig. 4.7. However this decrease is very less. From a

large SNR of 90 dB at resonance for a d5/27m = 0, the SNR decreases only to 71 dB
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even at a d/2m = 20 MHz. This signifies that our atomic PDA has a large data

capacity for communication purposes even at a bandwidth of 20 MHz.

4.4 Significance of our experimental results

Amplification of an optical field has been experimentally demonstrated using a three
wave mixing (x(?) process earlier using classical nonlinear crystals [13]. In alkali
atomic vapours possessing ground state coherence, all previous demonstrations of
an amplifier used a four-wave mixing (x®) nonlinear interaction [18,25]. In most
demonstrations, the interacting fields are within a narrow band-width of frequencies
and amplification is seen in an all-optical domain. Our experimental demonstration
of a PDA where amplification is demonstrated in an optical field by controlling

parameters of a microwave field is the first of its kind across various physical systems.

Our hybrid-PDA spanning electromagnetic fields, which are several orders apart
in frequency, is of immense practical interest. In particular, our PDA between
microwave and optical fields can be used to obtain radio-over-fiber implementations
for coherent amplification of classical signals. It is to be noted that a Rydberg
atom-based optical communication protocol interfacing with a fiber-optic link for the
transmission of RF signals has already been demonstrated [21]. Such communication
protocols can readily be implemented with our system with the added advantage of
high amplification and a good extinction ratio. More importantly, if our scheme is
implemented with cold atoms, it can readily serve as an ideal interface for coherent
transfer and amplification of quantum signals created in the microwave domain [22]
to the optical domain. Such ultra-cold atom-based implementation can significantly
increase amplification, as was explicitly calculated in an earlier publication [23].
Low-field-few-atom nonlinearity is a desirable goal [24] for the design of quantum
logic gates. In this experiment, we demonstrated nonlinear amplification of the probe
with very low optical densities of our Rb vapour, achieving a high gain of 7.5 dB
with an optical density of 0.45. This is one of the lowest density nonlinearities
demonstrated amongst atomic vapours showing amplification [25, 26] and the first

such low-density demonstration in a hybrid architecture.
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4.5 Conclusion

We experimentally investigate the role of microwave controlled ground state coher-
ence on a phase dependent optical amplifier. We show that the highest amplification
is achieved only in the presence of ground state coherence. Through our experiment
and subsequent analysis, we show that amplification is due to an interference pro-
cess resulting in a maximum probe amplification of 7.5 dB with visibility of 98.8%.
We also obtain a non-zero amplification with a visibility of 66.8% at a two-photon
detuning of 15 MHz. The SNR of the output optical probe field is found to be high
with values ranging from 90 dB at two-photon resonance to 70 dB at a bandwidth
of 20 MHz. This enables us to make a judicious choice between amplification and
bandwidth in accordance with our end application. We envisage that our atom-
based hybrid optical amplifier will serve as a good interface for coherent transfer

and amplification of classical and quantum microwave signals to optical frequencies.
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Chapter 5

Summary and future works

5.1 Summary

The problems addressed in this thesis is related to the development of an atom-
based platform that strongly couples microwave and optical frequencies thereby
making a coherent microwave-to-optical converter. To achieve this, we have chosen
a three hyperfine atomic level scheme in a room temperature °Rb atoms which is
coupled with microwave and optical fields. With this scheme we have demonstrated
a coherent microwave-to-optical conversion and a phase dependent amplification of
an optical probe field using microwaves.

The initial work reported in the thesis is the coherent generation of a near-
infrared optical field through a three-wave mixing phenomenon in an atomic energy
level scheme of ®Rb atoms. This nonlinear generation process in a centrosymmetric
thermally broadened atomic system is made possible through a novel interaction be-
tween induced electric and magnetic dipoles. During the generation process of the
probe field, the probe and the coupling field satisfy a two-photon resonance condition
that shelves the atoms in a dark state due to the electromagnetically induced trans-
parency effect, making the process immune to noise effects due to spontaneous decay
from excited states. The photon conversion efficiency and bandwidth of the conver-
sion process in our scheme are further compared with other physical systems that
have been successfully used to demonstrate coherent microwave-to-optical transduc-
tion. Our scheme represents a minimal optical decoherence scheme which could be

used to transfer quantum states between microwave-to-optical frequency regimes
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with near-unit fidelity.

Next, we developed a theoretical model to study the coherent conversion and
amplification process of an optical field using microwaves in our previous closed
three-level system. We have obtained an analytical expression for the probe field
using density matrix analysis. Our analysis shows that, in addition to a generation
of probe field which is discussed in the earlier chapter, the optical probe field can
be amplified as well. The physical mechanism of the amplification process reveals
that the amplification is due to an interference of the input probe field and the
generated probe field. This interference effect can give rise to an amplification or a
de-amplification depends on the phase of the generated probe field. The amplifica-
tion process can be controlled by the phase of the microwave field, thus making the
system a phase-dependent amplifier (PDA). The phase-dependent amplification of
the probe field is studied with various microwave field intensities, and with various
two-photon detuning.

We then performed an experiment to investigate the role of ground state co-
herence in an atom-based optical amplifier which we have theoretically studied.
We have investigated the Phase dependent amplification (PDA) experienced by the
probe field both in the presence and absence of two-photon induced ground state
coherence. We have shown that a simultaneous fulfilment of a two-photon reso-
nance condition that creates ground state coherence and a three-photon resonance
condition leads to a significantly higher amplification of the optical probe field. By
selectively breaking the ground state coherence using microwaves, we show that the
amplification reduces. Nevertheless, the system shows non-zero PDA for large two-
photon detunings with high visibility. This novel, controllable hybrid-PDA can be
potentially used to trade-off amplification for bandwidth during the transmission of

phase coherent classical and quantum information.

5.2 Future works

The work presented in this thesis opens up a lot of prospects for the future. Some

of them are discussed in this section.
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The physical mechanism of the phase dependent amplification (PDA) process
studied in the thesis is very different from other optical linear amplification pro-
cesses. However further studies are required to understand the noise properties of
the amplifier. This study will help us to compare and contrast our PDA with other
optical linear amplifiers.

The other possible future work is to explore the possibility of exploiting the
hybrid-phase dependent amplifier for radio-over-fibre communications and microwave
controlled optical switches. The higher visibility and bandwidth of our amplifier will

be the key features for these future applications.
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Appendix

Generation of probe field

Photon conversion efficiency

Photon conversion efficiency can be calculated using the formula

ny
= —-— 5 . 1
7 NRF ( )

where, n,, is the number of probe photon generated and ngrp is the microwave field
photons required for the conversion process. The generated probe power can be
calculated as

P, = nyhw, B, = I A, (5.2)

where, h is reduced Plank’s constant. The generated probe field has an angular
frequency of w, and bandwidth of B,,. I, and A, are the intensity and area of cross

section of the probe field. Microwave drive field power is given as
Prr = nrrhwrr Brr = [rRrArr (5.3)

The microwave drive field has an angular frequency of wgrr and bandwidth of Bgp.
I, and A, are the intensity and area of cross section of the microwave drive field.

The efficiency of conversion can be written using Eq. 5.1,Eq. 5.2 and Eq. 5.3 as,

_ wRFBRFIpAp (5 4)
wap]RFARF '

The intensity of the probe and microwave field can be expressed in terms of the

Rabi frequency of the corresponding electromagnetic field by,

I — EOCh2|Qp‘21 . Ch2|QRF’2
= RF —_ .
’ dis oGP

(5.5)
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. The photon conversion efficiency can be written as,

B WRF BrrAp 12 |Qp|2

= 5.6
wapARFd:al2 |Qrr|? (56)
Substituting Q,(/) from Eq. 3.15, then Eq: 5.6 becomes,
[Q2:(0)* (e — 1)?
= 5.7
a iT, (5.7)
In terms of coupling field intensity,
Lodoz® (e — 1)?
n=a-2 (e ) (5.8)

4F2€0Ch2
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