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Synopsis

Electromagnetic waves at microwave and optical frequencies are the two most dominat-
ing channels used for information processing and data communication in today’s world.
The data transmission at microwave frequencies requires less complex circuitries but the
signal attenuates as it transmits over the lossy cables. The loss can be upto few dB/m
at 3 GHz. Apart from attenuation the signal also interferes with other unwanted sig-
nals which collectively results erroneous information at the receiving end and hence less
fidelity. On the contrary the optical signal can transmit through optical fibre over long
distances without losing much of signal level. There is also no interference for optical
signal as it travels through optical fibre which results less erroneous information at the
receiving end as compared to microwave signal.

The emerging field of quantum technology (QT) has applications in microscopy, quan-
tum communication, positioning and, sensing [1, 2]. The most fundamental building
block for quantum information processing is a qubit. Over the past decades there are
many platforms such as cold trapped ions [3], neutral atoms [4], solid-state defects [5] and
supeconducting qubit [6] which has contributed for the development of qubits for quan-
tum information processing around the world. But the most promising QT for making
quantum states of electromagnetic fields is superconducting qubits, which operate in the
GHz frequency regimes.

But the lossy nature of microwave cables limits the transmission of this quantum signal
over long distances. On the contrary, optical photons containing quantum information
can be transmitted over very long distances through optical fibre without suffering much
loss. Hence coherent conversion of signals from microwave to optical is a fast emerging

field of study.

In this thesis we investigate the coherent transduction of microwave signal into the op-
tical signal using dilute room temperature atomic system as the transducer. The various
aspects covered in the thesis are: microwave to optical signal conversion, a specific digital
communication protocol based on such a conversion, group delays associated with mi-
crowave to optical pulse transfer and simultaneous generation of three-wave and six-wave
mixing based microwave to optical conversion. These three main results forms the core of

the work done for this thesis and forms three chapters. The introduction chapter intro-
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duces the specific case of atomic structures and electromagnetic fields used in this thesis
and also traces relevant literature. The concluding chapter puts forth the significance of

our results and outlines future work that can emerge from this thesis.

Figure 1: Hyperfine energy levels in a A configuration in ®Rb. dp, 0c and ¢, are the single
photon detunings for probe, coupling and microwave fields, respectively. 2, Q. and €, denotes
the Rabi frequencies of the probe, coupling, and microwave fields, respectively.

Digital communication using a cyclic level scheme in an atomic radio-over-
fibre device.
In this project we experimentally demonstrate that, dilute ensembles of neutral, room
temperature atoms can be used as an receiver and transmitter for signal [7, 8, 9]. For the
signal encoding purpose we implemented both Binary phase shift keying(BPSK) and Four
phase shift keying(4-PSK) protocol in our system. The information signal is encoded in
the phase of the microwave field also called carrier signal by using above said protocol.
The phase modulated microwave signal and an optical coupling laser field interact with
Rubidium(®Rb) atoms and an optical intensity modulated probe field gets generated
through a second order nonlinear interaction. We use a cyclic three-level scheme in $Rb
atoms to achieve this as shown in Fig. 4.1. The importance of our scheme is that the
cyclic, closed interaction of the atomic levels with electromagnetic fields makes our system
inherently sensitive to the phase of the microwave field. This enables our system to directly

encode a phase modulated digital signal in the microwave field and decode it as intensity
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Figure 2: Constellation diagrams for (a) BPSK, (e) C-4PSK. Gain vs time plots showing
demodulated intensity changes for symbol frequencies (b & f) 10 kHz, (¢ & g) 100 kHz, (d &
h) 250 kHz for BPSK and C-4PSK respectively. Here §, = d., 0, — 0. — 0, = 0 and microwave
power is 500 mW.

modulation [10] in the optical field. The optical output gets down converted using
optical heterodyne setup and detected with a high band-width photo-detector followed
by a spectrum analyzer. The decoded optical signal with the corresponding bits is shown
in Fig. 2. We measure the correlation of our demodulated optical signal with an ideal tem-
plate and establish a viable signal bandwidth of about 1 MHz. Our atom based scheme also
enables phase dependent amplification [11] of the demodulated optical signal through a
hybrid second order non-linearity. Thus our phase dependent atomic transmitter-receiver
has inherent features of demodulation, radio- to-optical conversion, and amplification.
The ground states used in our scheme are quantum memory storage spin states, which
makes our scheme inherently suitable for applications involving communication and stor-

age and retrieval of quantum signals.

Microwave-driven generation and group delay control of optical pulse from
an ultra-dilute atomic ensemble.
In this work we have theoretically investigated the non-linear interaction between three
level atomic system with an Continuous wave(CW) optical field and a Gaussian microwave
pulse. The hybrid second order non-linearity of the system aids for the generation of an
optical field/pulse. The importance of our system is that the absolute phase of the non-

linearity can be controlled by the intensity of the
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Figure 3: Group delay due to generation phase as function of the microwave amplitude, for
§ = 0.3 x 10° Hz, no. density (M) = 10° ecm™3 and 713 = 57 x 10° rad/s.

microwave field [12]. This handle over absolute phase can delay or advance the gen-
erated pulse inside the atomic medium as shown in fig. 3, where t® is the group delay
of the generated pulse, and 6 and Qg are the spectral width and amplitude of the input
pulse. More importantly the delay and advancement of the pulse is atom number density
independent. As a result, with dilute sample, optical pulse with few average number of
photons can be made on demand whose delay can be controlled via microwave field in-
tensity [13]. The pulse on-demand can be tailored by switching on both the fields. Our
analysis exploits the hybrid second order non-linearity under conditions of electromagnet-
ically induced transparency to generate the optical pulse. This atomic scheme can thus

serve a controllable delay line for both classical and quantum signal processing.

Simultaneous observation of six wave and three wave mixing process

In this work we have investigated the simultaneous presence of both six wave [14]
and three wave generation process in room temperature 8Rb atoms. The scheme utilizes
the same three level system with the connected fields, shown in Fig. 4.1. The difference
between the current scheme as compared to previous schemes is that we have deliberately
broken the three photon resonance condition which was satisfied in previous schemes. The
breaking of three photon resonance ensures the six wave mixing (SWM) and three wave

mixing (TWM) process can be frequency resolved
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SWM peak TWM peak

Figure 4: SWM and TWM signal peaks.

and observed without any ambiguity as shown in fig. 4. In this project we have si-

multaneously observed generation of six wave mixing process along with earlier reported

three wave mixing [15] process in a cyclic three level atomic system. The three photon

resonance gets violated by connecting a seed probe which is detuned by A, from the cor-

responding resonance. The dependence of SWM generation with optical and microwave

field is studied.
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Chapter 1

Introduction

1.1 Overview

The science of light-matter interactions has seen a tremendous transformation since the
invention of the laser. The interplay between this coherent, quasi-monochromatic, and
highly directional light with the natural atoms, as well as artificial atoms, has garnered
much attention in the last decades. These Light-matter interactions are at the core of
our understanding of nature, illuminating the fundamental principles governing matter’s
behavior at atomic and subatomic levels. This understanding has laid the foundation for
quantum information and made progress in quantum computing and quantum communi-
cation. In the domain of sensing and metrology, laser technology, imaging, spectroscopy,
and quantum technology, the study of light-matter interactions is essential. These stud-
ies have already witnessed many ground-breaking discoveries and are also becoming a

workhorse for future advancements.

The substantial progress made so far in this field aids in materializing quantum bits for
quantum computing purposes. Though there are many platforms for qubit implementa-
tion, like trapped ions [1, 2], defects in solids [3], and cold neutral atomic systems [4], one
of the most promising platforms is the superconducting qubits [5, 6, 7]. These versatile
qubits have been shown to have long coherence times [8], strong qubit interactions [9] due
to high nonlinearity, suitability for integration and scaling, and ease of readout and mea-
surements, which makes it a prime platform over many others for quantum information
processing. These superconducting qubits operate in the microwave frequency regime that

aligns with most of the modern-day electronics, making these qubits easier for generation,



manipulation, and detection.

Even though the manipulation of microwave signals is not much of a difficulty, it faces
challenges for long-distance communication. The lossy nature of radio-frequency(RF)
cables makes the signal transmission inefficient. In addition, microwave signals suffer
interference from other unwanted signals as well as get corrupted by thermal photons at
room temperature while propagating inside the RF cable. This leads to erroneous data
at the receiving station. In contrast, optical signals can travel through an optical fiber to
long distances without suffering much loss. In addition, interference with noisy signals is
absent in optical communication, and the optical signal is immune to thermal photons,

making it a suitable candidate for signal transmission.

Using optical communication to transfer quantum information in superconducting
architecture can avoid the problems faced by its microwave counterpart, leading to lesser
bit flip error and high-fidelity [10] information transfer. However, the implementation
requires a microwave-to-optical [11, 12] transducer.

In the current research scenario, microwave-to-optical conversion is a critical com-
ponent for the transfer of quantum information. Quantum computers constructed from
microwave-driven qubits rely entirely on the efficient conversion [13] of quantum signals
from the microwave to the optical domain. All the architectures for microwave-to-optical
conversion are based on sum frequency or difference frequency generation schemes. In
such schemes, an input microwave photon combines with an optical coupling photon,
which gives rise to another optical photon. There have been several platforms that have

successfully demonstrated microwave-to-optical conversion during the last ten years.

Electro-optical transducers [14, 15] rely on the electro-optical nonlinearities for con-
verting microwave photons into optical photons. These transducers require resonators

with high-quality factors to do the conversion.

Also, mechanical resonators [16, 17, 18] can interact with microwave and optical pho-
tons inside an optical cavity in an optomechanical system. The micro-motion of these
resonators driven by microwave photons changes the cavity properties. Using the optome-
chanical coupling produced by the resonator, the information can be coherently transferred

from the microwave to the optical domain.

In [19], authors reported microwave-to-optical conversion in an atomic system with a

conversion efficiency of about 5%. In a similar system [13], the conversion efficiency of
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82% with 1 MHz bandwidth is also reported recently. Both of these systems are based on
cold atomic samples and use Rydberg levels to couple microwaves.

This thesis investigates a potential mechanism for signal transfer from the microwave
to the optical domain using coherent interactions between electromagnetic fields with
room-temperature atomic vapor. Our analysis involves interactions of two optical fields
with one microwave field in the presence of three hyperfine levels of Rb in D1 manifold.
Because of the closed nature of the interactions, the system is phase-sensitive, allowing one
optical field’s intensity to be regulated by the phase of the microwave field. This phase-to-
intensity mapping enables the radio-over-fibre device’s ability to encode information on a
phase-modulated microwave field and decode it in an optical field. By using the second-
order nonlinearity provided by the atoms, the microwave pulse can also be up-converted
to an optical pulse through the process of three-wave mixing (TWM). This optical pulse
can also be delayed or advanced inside the medium. In addition to the three-wave mixing

process, the system exhibits a six-wave mixing process.

1.1.1 Three level system

All the works presented in this thesis are based on a common platform of a three-level
atomic system. In this section, a brief idea about the atomic three-level system is given.

A three-level system consists of three different energy levels and is connected to each
other by laser fields. Generally, states having the lowest and highest energy are called
ground and excited states, respectively. The energy level between the ground and the
excited state is called the intermediate or metastable state. Depending on the geometrical
configuration of these states, three-level systems can be classified as Lambda (A), Vee (V),

or Ladder systems as shown in Fig. 1.1. The interaction between laser fields and the energy
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Figure 1.1: Three-level system in (a) Lambda, (b) Vee, and (c) Ladder configuration.



levels alters the population at each level and establishes the coherence between the levels,
resulting in various fascinating effects. As the problems discussed in this thesis use the

lambda (A) system, we will restrict our discussion to the said configuration.

The optical properties of an atom are linked to its intrinsic energy levels and can be
manipulated by inducing coherence between atomic states. This can lead to quantum
interference between the excitation pathways. Electromagnetically induced transparency
(EIT) [20] is a quantum interference effect where a medium that is generally opaque to a
certain frequency of light (Probe laser) becomes transparent due to the coherence induced
by another laser field (Coupling laser). In the event that an atom can make a transition
from its ground state to its excited state via more than one pathway, the transition
probability is equal to the squared sum of the probability amplitudes of all of those
pathways. The destructive interference between these probability amplitudes modifies
the linear susceptibility of the probe laser and makes it transparent. This transparency
window is an effect due to the creation of dark states. The dark state is a superposition
of ground and intermediate state, which gets decoupled to the excited state. The atoms
in the dark state get trapped and can not be excited with a probe laser. This quantum
interference also modified the real part of the linear susceptibility, which results in slowing
down of light pulse [21, 22, 23]. More importantly, in the same transparency window,
the nonlinear susceptibility [24] shows constructive interference and makes it a suitable
platform fo nonlinear interactions. The coupling between the two ground states of the A
system by an electromagnetic field makes it look like a Delta (A). This A atomic system

has fascinating properties that we will cover in this thesis.

1.2 Motivation and objectives

Developing a suitable platform that transduces the signal from microwave to optical fre-
quency is the motivation behind the challenges discussed in this thesis. Though there
are platforms that convert microwave signals into optical, the most straightforward and
simple approach is a three-level atomic system. The three hyperfine energy levels of the
neutral ®*Rb atom in the D1 manifold are a suitable platform to achieve the transduction
process. Though the even-order nonlinear processes are naturally absent in this kind of

atomic system due to its centrosymmetric nature, the magnetic dipole interactions be-
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tween a pair of energy levels break the symmetry. As a result, processes like TWM can be
demonstrated by these systems, which upconvert the microwave field to an optical field
that is separated by five orders of magnitude in frequency from the former one. It also ad-
dresses how the cyclic and coherent nature of the interactions between the electromagnetic
fields in the presence of the three-level system gives rise to information bit transfer across
the frequency domain for communication purposes. In the past, these three-level systems
have shown to be very promising candidates for slowing down the light pulse [25], mak-
ing them useful for quantum memory applications. Making accessible pulse on demand
by utilizing the second-order nonlinearity provided by these atoms is also a motivating

objective. The process of six-wave mixing is also explored in this thesis.

The goals of this thesis, in brief, are

o Experimental demonstration of a radio-over-fibre device in a three-level A atomic

system at room temperature.

o Theoretical investigation of an atomic system where the delay time of an optical
pulse propagating inside the medium can be tailored, making it a pulse-on-demand

device.

o Perform an experiment to observe higher-order nonlinear processes, such as the

six-wave mixing process in a dilute sample of atomic vapor.

1.3 Organisation of the thesis

This thesis consists of an introduction chapter, three main chapters covering experimental
work as well as theoretical calculations, followed by a chapter for summary and future
work.

Chapter 2 experimentally investigates a novel communication platform for transferring
information across microwaves to the optical domain. In this communication system,
the neutral dilute sample of atoms plays the role of an antenna, which receives and
sends the information bits. The hybrid second-order nonlinearity mediated by these room
temperature 3Rb vapor couples one microwave photon to an optical photon and results in

a generation of another optical photon in a process called three-wave mixing (TWM) [26].
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The closed cyclic interaction of this atomic system turns the response of the system phase-
dependent [27, 28] and makes the system that can correlate the phase of the input signal
to the intensity of the output signal. Taking advantage of this phase-to-intensity mapping,
our communication scheme uses microwave photons as the carrier signal whose phase gets
modulated according to the information bits. The information bits get demodulated and
seen as an intensity-modulated optical field, which gets detected by optical heterodyne
measurement. Both binary phase shift keying(BPSK) and four phase shift keying(4-PSK)
are addressed as communication protocols/schemes in this work. The tunability, as well
as the role of the intensity of the carrier signal, is also discussed. The chapter concludes
by correlating the recovered data with an ideal template that validates the legitimacy of

this atomic vapor-mediated communication scheme.

Chapter 3 theoretically investigates the creation and group-delay control of few-photon
optical pulses in a cyclic atomic level system that interacts with an optical and a microwave
field. In order to produce an optical pulse, our method utilizes the hybrid second-order
nonlinearity possessed by the atom. The research work starts with solving the master
equation for the three-level system, followed by solving the wave equation for under-
standing pulse propagation inside the medium. The results explain through microwave
intensity control of the absolute phase of the second-order nonlinearity, the produced
pulse can be either delayed or advanced. The significance of the results shows this control
over the generated pulse’s group delay is not dependent on number density. Thus, em-
ploying ultra-dilute atomic samples, our method is perfectly suited for the creation and
management of few-photon optical pulses. Our findings will make it possible to create
tiny atomic interface systems that can be used as delay channels with adjustable delay

for both classical and quantum signal processing.

In Chapter 4, we experimentally examine and theoretically explain the generation of
both six-wave mixing (SWM) and three-wave mixing (TWM) phenomena in a dilute sam-
ple of ®Rb atoms. Both the generation process results in optical frequency transducted
from an idler microwave field. The presence of both SWM and TWM signals opens dual
channels for the microwave-to-optical transduction process hence making this platform an
ideal platform for signal multiplexing. The breaking of the three-photon resonance con-
dition plays a major role in detecting both the generation process as frequency-separated

signals as well as observing coherent population oscillation. The dependency of idler and



pump power in the generation of both SWM and TWM processes is also compared.

1.4 Some basics of nonlinear quantum optics

1.4.1 Theory of wave mixing process

This section explains the basics of the nonlinear wave mixing process, in particular, the
sum frequency generation process. The equations used in "Nonlinear Optics" by Robert
Boyd [29] served as the foundation for this section. In Fig. (1.2) the frequency of two
input fields given as w; and wy interacts inside a medium which has non-zero second
order nonlinearity(x?)). The interaction results in the generation of a new field at fre-
quency wi + we = ws. In this derivation we have assumed the electromagnetic fields are
monochromatic, the nonlinear medium does not contain free charges or free currents, and

the medium is nonmagnetic. Then, the Maxwell equations can be written as

V.D =0 (1.4.1.1a)
V.B=0 (1.4.1.1b)
0B
E=— 1.4.1.1
V X ey ( c)
VX B= uoaalt) (1.4.1.1d)

where FE, B stands for the electric and magnetic fields inside the medium. The D

denotes the displacement vector, defined as
D=¢E+P (1.4.1.2)

here ¢y implies the permittivity of free space and P denotes the polarization vector.

Wi
X(2) w3

w2

Figure 1.2: Sum frequency generation process



Now taking the curl of the Eq. (1.4.1.1c) and substituting Eq. (1.4.1.1d) and using
the identity V X V x E = V(V.E) — V2E, we obtain
1 0*E 0*P

2
E-— oL
VE=Gr T

(1.4.1.3)

1
\/GO,UO.

The total polarization (P) in the Eq. (1.4.1.3) is a composition of linear (P, =

Where c is the speed of light in vacuum, ¢ =

cox'WE) and nonlinear (Pyp) terms. After decomposing P, the wave Eq. (1.4.1.3)

equation becomes

1 "E 8Py,
V’E — §(1+X<1>) =

57 = M (1.4.1.4)

Where (! is the linear susceptibility of the medium.

The above Eq. (1.4.1.4) is a inhomogeneous wave equation. The term that appears on
the right-hand side of the equation acts as a source term that arises from the nonlinear
response of the system. Without the source term, the solution to the Eq. (1.4.1.4) is a

plane wave at frequency ws and traveling with a speed of ¢/n in 4z direction is given by
Es(z,t) = Agelfs2=wst) 4 € C. (1.4.1.5)

and where the amplitude of the wave A3 is constant.

The input electric fields travelling in 4z direction can be written as

El(Z, t) = Alei(klziwlt) + C.C.

Ey(2,t) = Ayel®2=2) 1 C.C. (1.4.1.6)

where c.c. represents complex conjugate, k; = njw;/c and n;, (¢ = 1,2) is the refractive

index of the medium. A; represents the amplitude of the field.

We represent the source term in Eq. (1.4.1.4) as

Py (z,t) = Pee ¥ + C.C. (1.4.1.7)



where
Py = 2¢9 P A Ayelthrthz)z (1.4.1.8)

Now, we can write the solution of the Eq. (1.4.1.4) in the same form as in Eq. (1.4.1.5),
except Az is now a slowly varying function of z. This is valid when the nonlinear source
term is small.

After substituting Eq. (1.4.1.5), Eq. (1.4.1.7) and Eq. (1.4.1.8) into the wave Eq.
(1.4.1.4) and dropping the C.C. terms from each side, we obtain

d2A3(Z, t) . dAg(Z, t) 2 W% 1
(dz? w2k T g ) 4 ) Ay

— _CTX@)AIAQ@A’“, (1.4.1.9)
where
Ak = ki + ko — ks, (1.4.1.10)

is the wave vector mismatch.

As we know k2 = w2(1 + xV)/c?, so the third and fourth term on the left-hand side
cancel each other. The first term on the left-hand side of Eq (1.4.1.9) is much much
smaller compared to the second term. This approximation indicates that the fractional
change in A3 is much smaller than unity within a distance of the order of a wavelength.
The approximation is called the slowly varying amplitude approximation (SVAA) and is

valid when

d* Az dAs;
— 1.4.1.11
dz? > dz ( )
After using SVAA the Eq. (1.4.1.9) becomes
dAs(z,t)  iwix®@ :
3(20) AT )y ik (1.4.1.12)

dz ks

The Eq. (1.4.1.12) is called the coupled-amplitude equation, as it shows the variation of

the amplitude of w3 as a result of its coupling to w; and ws fields.



After exiting the nonlinear medium of length (L), the amplitude of the sum frequency

(w3) wave can be written down as

i2v@ AL A L
AS(L):1°"3XC%31 2 /O oA

‘2(2)AA IARL _ 4
_ XA 2<e ) (1.4.1.13)

02]{3 iAk
For phase-matched condition (Ak = 0), the generated field amplitude can be written as

o iw%X(Z)AlAQ
Ak—0 B 2ks

L (1.4.1.14)

Assuming both input fields as undepleted wave and for a perfect phase-matched condition,

the intensity of the generated field (ws), is given by

I; = lim 2nsegc| Azl
37 Ak—0 s€oc|As|

_ 2ngeowi X P[ALP[ Ao
c*k3

(1.4.1.15)

1.4.2 Difference frequency generation and parametric amplifi-

cation

In this section, we discuss the difference frequency generation [29] and also the parametric
amplification of a signal field in a nonlinear medium. The Fig.1.3 depicts a lossless non-
linear medium where waves at frequencies w; and wq interacts to generate another wave

at the difference frequency w3 = w; —ws. We have assumed the wave at w; is a undepleted

field.

We represent the input fields as

El(z, t) = Alei(klz_wlt) + C.C.

Ey(2,t) = Ayel®2=2) L C.C. (1.4.2.1)
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and generated output field as
Es(z,t) = Agellts==w3t) L C.C, (1.4.2.2)

The nonlinear source term for the difference frequency generation can be written as

w1
———l-
2 w3
wa
————l

Figure 1.3: Difference frequency generation

Pyy(z,t) = Pee ¥ + C.C. (1.4.2.3)
where
Py = 2egy? Ay Asellki—h2)2 (1.4.2.4)

Substituting Eq. (1.4.2.2), Eq. (1.4.2.3) and Eq. (1.4.2.4) into the wave Eq. (1.4.1.4), we

obtain, the wave equation for As(z,t) as

dA ¢ 12+(2) )
z(j, ) _ 1@;32923 A Az (1.4.2.5)

Now the nonlinear source term for A,(z,t) can be defined as
Py(z,t) = 2eo P Ay Ajelhi—ka)z (1.4.2.6)

In a similar fashion as Ajs(z,t) the wave equation for Ay(z,t) can be derived as

dAs(z,t)  iwi® -
zd(;, ) _ 1@;22;;2 A Aseidks, (1.4.2.7)
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where

Ak =k —ky — ks (1.4.2.8)

The above written Eq. (1.4.2.5) and Eq. (1.4.2.7) are coupled-amplitude equations de-

scribing the difference frequency generation at ws and wo with w; as an undepleted field.

In order to solve the above coupled differential equations we differentiate Eq. (1.4.2.5)
with respect to z and substitute the complex conjugate of Eq. (1.4.2.7) so as to get rid
of the dA%/dz term from the right-hand side of the Eq. (1.4.2.5). Then, the obtained

equation is

d*As W%%%X(Q)Q 2
A2 koksch 411" A,
=n?As, (1.4.2.9)

where

2, 2. (2)2
2 _ whwix®”

2
P A1, (1.4.2.10)

and 7 is called the coupling constant.

The solution to the Eq. (1.4.2.9) can be written as
As(2) = usinhnz + v coshnz, (1.4.2.11)

where © and v are the constants and their values can be found out from boundary condi-

tions.

We assume the boundary conditions as

Now the solution to the Eq. (1.4.2.9) and Eq. (1.4.2.7) with the above boundary
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conditions can be written down as

1/2
. [ Nows Ay .
As(z) =1 ——A3(0) sinh nz, 1.4.2.13a
(2) (w) S A30) sinhy (142130)
Ay(z) = A2(0) coshnz. (1.4.2.13b)

As can be seen from the Eq. (1.4.2.13), both the fields wy and ws grows exponentially
with respect to z. From Eq. (1.4.1.12), we can understand the presence of ws field aids
in generating the ws field through difference frequency generation. Also the ws field
stimulates the generation of wy field. So the generation of w, field reinforces ws field to
generate and vice versa, which leads to each field growing exponentially. In the language
of nonlinear optics, the wy field is called the signal, and the ws field is called the idler.
The signal field gets amplified through a difference-frequency generation process, which
is a parametric process. Hence, this process is called parametric amplification. As a

by-product of this process, an idler field is also gets generated.

1.4.3 Optical heterodyne detection

Optical heterodyning [30]is a technique to extract information in optical measurement and
communication systems. In this technique, two optical signals with different frequencies
interfere with each other. The resulting beat signal is then detected, which contains
information about the original signal.

Optical heterodyning uses a reference signal called local oscillator (LO) to measure
the unknown spectral characteristics of the second optical source called signal. Generally,
the frequency difference between LO and signal is much less as compared to the frequency
of any optical source. The two sources are mixed together on a beam splitter or in an
optical coupler where they interfere with each other. The beat notes contain both the
sum and the difference frequencies produced as a result of interference. The beat note

contains the information about the signal, which gets detected with a fast photodetector.

To understand the principle of optical heterodyning, let us consider two optical fields
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Es(t)  Er(?)

BS

Figure 1.4: An optical heterodyne setup. BS-Beam splitter, PD-Photodetector.

falling on the photodetector after passing through the beam splitter as shown in Fig. (1.4).
The electric field of the two fields is defined as

=/ Ps(t) cos (wst + ¢s(t)) (1.4.3.1a)
ELO \/ 1.0 COS wLot + gbLo(t)), (1431b)

where ws, ¢g, Ps and wro, ¢ro, PLo represents the angular frequency, phase and opti-
cal power of the signal and LO respectively. The fields are normalized such that their

magnitude squared are optical powers.

After passing through the beam splitter, the spatially overlapped optical fields then
fall on a photodetector, where the interference is identified. The total field Ex(t) at the

photodetector can be written as
Er(t) = Es(t) + ELo(t). (1.4.3.2)

A photodetector is a nonlinear device with respect to the optical field and follows the
principle of square law detection. Therefore, in a photodetector, we detect the optical
field’s power rather than the field itself. The output of the photodetector is photocurrent,

i(t), and can be represented as

i(t) = R|Er|? (1.4.3.3)
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where R is the responsivity of the photodetector.

The total optical power P can be calculated as

= |Es(t) + Ero(t)|*

_ Psz(t) PLo +2\/?\/KCOS(WS—WLO)IS+A¢( )) +HF., (1.4.34)

where H.F. stands for high-frequency terms and A¢(t) = ¢s — ¢r0-
The H.F. includes frequency components that fall within the optical frequency range.
There is no photodetector that can follow these first oscillations; as a result, these high-

frequency components get filtered out. Now, the photocurrent can be represented as

z‘<t>=R<PS2() Bo®) | o Ry Frot@eos s—wLo>t+A¢<t>)). (1435)

The first two terms of the right-hand side of Eq. (1.4.3.5) are the D.C. averaged power

and corresponds to the intensity of E5 and Epo. The crucial mixing term is the third one,
which contains information about the optical signal. Thus, in the heterodyne method,
with the help of a local oscillator, the spectral information of a high-frequency optical
field gets transferred to a low-frequency (ws —wro) RF field, which can be measured with
electronics.

It is evident from Eq. (1.4.3.5) that the difference frequency term is proportional to
the product of signal and LO electric fields. The more the LO amplitude, the more the
amplitude of the mixing term. As a result, LO provides a gain in the photocurrent, which
is crucial in the detection of weaker signals.

The phase information of an optical field is lost in the case of direct photodetection.
In contrast, heterodyne detection preserves the phase information and permits the same
to be detected. Any phase shift in the optical signal will result in an equal amount of
change in the mixing term, eventually resulting in changing the value of the mixing term.
This change in photocurrent can be measured and back-calculated to the amount of phase
shift in the optical field. In phase measurement, typically, both the signal and LO are
derived from a common laser source in order to maintain coherence in their phase.

In our experiment, the electro-optic modulator creates a band of laser fields that are

frequency-separated. These beams co-propagate and fall on a photodetector after interact-
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ing with the atoms placed inside the microwave cavity. Now, to make direct measurements
in one of the beams is impossible until we make it spatially separated from other beams.
To resolve this issue, we take the advantage of optical heterodyne. In the experiment, a
part of the laser beam is diverted using a beam splitter. This diverted laser beam is then
passed through a Double-pass acoustic-optic modulator system, where the frequency of
the laser beam is changed by a few MHz. The beam is then called LO and mixes with
all the copropagating beams. These co-propagating frequency-separated beams then mix
with the LO and produce beat notes at respective downconverted frequencies after falling
on a photodetector. These down-converted beat notes can be observed on a spectrum

analyzer.

1.4.4 Microwave cavity

As stated earlier, the three hyperfine levels of ®Rb in the D1 manifold form the basis
of A system in all our experiments, which can be seen in Fig. (1.5). The two ground
states connect to a common excited state by two optical fields (€2,, and €. in Fig.), and
those transitions are electric dipole allowed. In contrast, the transition between the two
ground states is electrically forbidden but magnetically (magnetic dipole) allowed as can
be dictated by selection rules. We all know the magnetic dipole transition strength is
several orders weaker as compared to its electric dipole counterpart. So, to manipulate

atoms between ground states, we require high magnetic field strength.

() (b)

F =3
2 -
5 P1/2
——— 371 MHz
A 4
F =2
795 nm
377 THz F=3
F=3
-
— 3.03573 GH Mi transiti
2 . VA 1crowave transition
578512 — 1)
4 T 5251/2, F=2
F=2

Figure 1.5: Fig.(a) depicts the energy levels of the 8°Rb in the D1 manifold. Fig. (b) illustrates
the A system formed when the lasers are coupled with the appropriate atomic energy levels.

A cavity resonator amplifies the electromagnetic wave that bounces back and forth in-
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side it due to constructive interference. Hence, it enhances the magnetic field several times
and, as a result, strengthens the magnetic dipole transition. Some commonly used cavities
are rectangular, cylindrical, and spherical cavities. Among all three, the cylindrical cavity
is easy to construct and gives a better quality factor(Q).

The most important parameter of a cavity is the resonance frequency. A cavity can
only excite certain frequencies of the electromagnetic wave called modes. The fundamental
mode is the frequency of the lowest order. These modes depend on the dimension of the
cavity as well as the material of the cavity. The dependence of resonant frequencies on
the cavity dimensions can be found in the mode chart. Fig. (1.6) depicts the mode chart

of a cylindrical resonator [31]. In our experiment, the cylindrical cavity [32] resonates at

20 % 108
15x 108
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Q
.
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2
o= 10x 108
5
Q
. TM
5% 10 V
0 2 4 6

(a/d)*
Figure 1.6: Mode chart of a circular cylindrical cavity. Inner radius= a, length= d. Picture

courtesy - Microwave engineering by David M Pozar [31].

3.03573 GHz, which is the energy difference between the two ground states of the ®*Rb
as can be seen in Fig. 1.5. Apart from the temporal modes, the transverse modes of the

cavity are also crucial as they explain the spatial distribution of the electric field and

17



magnetic field of the resonant electromagnetic wave inside the cavity. These modes are
the solutions of the Maxwell wave equation. In our case, the TEq;; mode floods the cavity
as it has a maximum value of magnetic field intensity at the center of the symmetry axis
of the cylinder, which is essential to the magnetic dipole transition. We place the Rb
vapor cell at the center of the axis for all our experiments, as can be seen in Fig. (2.2) of
this thesis.

The material of the cavity plays a major role in designing and deciding the resonance
frequency. The suitable material is one that has very high conductivity and has less skin
depth so as to reduce the conductive losses and provide better isolation. Aluminum and
copper are the best choices for this.

The second most important parameter of a resonator is the quality factor or Q value.
The Q factor is defined as the ratio of initial energy stored in the cavity to the energy
lost in a one-radian cycle of oscillation. The Q value is also a measure of the strength
of damping of the oscillations captured inside it. The higher the Q value, the lower the
energy dissipation. As a result, the electromagnetic wave can oscillate sustainably for
more periods of time inside the cavity. Q value also indicates the linewidth of the cavity,

which can be defined as given in Eq. (1.4.4.1)

Resonant Frequency

- . 1.4.4.1
Linewidth of the cavity ( )

For e.g., a cavity having a Q value of 10000 and resonating at 3 GHz will have a linewidth
of 300 kHz. The Q factor is a dimensionless parameter. The Q factor of a cavity can
be obtained by measuring either So; or Sq; parameter of the scattering matrix. In our
lab, we determine the QQ factor by measuring the S;; parameter with the help of a vector

network analyzer (VNA).
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Chapter 2

Digital communication using a cyclic
level scheme in an atomic

radio-over-fiber device

2.1 Introduction

Signal communication is the process of transmitting and receiving information through
signals. Depending on the nature of the signal it can either be classified as analog com-
munication or digital communication. In analog communication, data is communicated
through an analog signal between sending and receiving stations. An analog signal is a
continuous-time signal containing information. In contrast, digital communication uses
digitized signals that consist of discrete/quantized values of the continuous signal. Though
analog communication requires less bandwidth for transmission as compared to digital
communication but the latter has more advantages than the former one. The digital sig-
nal requires less power for transmission in comparison to an analog signal. The analog
signal is generally susceptible to noise and a small change in voltage level in the analog
signal can produce significant error in information processing, whereas the digital signal
is immune to noise because of its better signal-to-noise ratio (SNR) [1].

In communication the signal can be sound, light, or radio waves. For transmitting data
over long distances, the information signal requires a high-frequency carrier signal. The
carrier signal gets modulated according to the information signal before getting transmit-

ted. The imprinting of information on a carrier signal can be achieved by modulating the
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amplitude (AM), phase (PM) or frequency (FM) of the carrier signal. The communica-
tion system can be separated into microwave communication and optical communication

based on the frequency of the carrier signal.

Because of its faster data transfer speeds, large bandwidth and resistance to elec-
tromagnetic interference, optical communication has long dominated microwave commu-
nication. A significant quantity of data may be transmitted across great distances with
minimal loss via optical communication which makes use of light waves, specifically lasers.
Microwave communication, in contrast, makes use of radio waves or microwaves, which
have a limited bandwidth and can be interfered by other electromagnetic sources, result-
ing in a slower and less dependable data transport. The presence of thermal photons
at microwave frequencies adds unwanted noise in the received information resulting poor
SNR. Additionally, optical communication is more secure than microwave communication
because it uses fiber optic lines, which lessens the possibility of signal interception or
interference. In response to this, optical communication has become more prevalent for
large-scale data transmission in industries including telecoms, data centers and internet

connectivity.

The use of "radio-over-fiber" (RoF) [2] technology offers a very promising solution to
avoid losses and interference that happen in communicating through microwaves. In this
technology, RF signal is encoded in laser light and sent via optical fiber. Optical fibers are
a better option than metallic coaxial cables as they have incredibly low levels of loss and
optimal electrical separation. Generally, the RoF architectures include a signal source, an
RF-to-optical encoder, a fiber-optical network, a photodetecting stage, and demodulation

electronics.

The RoF architecture involves modulation of laser light in order to imprint information
on it. In this work, we have shown a neutral atom-based RoF platform that does not
require direct modulation of laser light. We have demonstrated a neutral atom can be
a sensitive optical antenna that enables the direct encoding of information in free space.
As a result, no electrical contacts are required at the receiver end, allowing for a more

straightforward and adaptable RoF architecture.

Sensing of RF and microwave fields with alkali metal atoms through the existence
of appropriate energy levels in these frequency regimes is a rapidly growing area of

study [3, 4]. The exquisite frequency selectivity offered by the discrete atomic levels
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makes it a natural filter, thus retrieving weak signals from ambient noise. In recent years,
these atomic systems exploit the versatile electromagnetically induced transparency (EIT)
effect [5, 6] available at optical frequencies, to effect a radio-over-fibre conversion of RF
and microwave fields to the optical regime. Specifically, RF field sensing and communica-
tion between microwave and optical frequencies have been demonstrated using these alkali
atoms [7, 8, 9, 10, 11]. These experiments have opened an entirely unexplored area of RF
signal processing and transmission, with atoms occupying the central stage in multiple
roles acting like a sensor, mixer and a radio-over-fibre device. In the past few years there
has been a very interesting parallel development of utilizing cyclic energy level schemes
available in Rb atoms to connect microwave and optical frequencies in a coherent and
phase dependent manner [12]. The EIT effect has been utilized in this scheme as well
and demonstrations of microwave activated optical switches [13], generation of optical
fields [14], phase dependent amplification of optical fields controlled by the microwave
phase [15] and audio modulation of microwave carrier and its optical read-out has already
been done [16]. However a practical implementation of a digital communication protocol
with a cyclic system has not been demonstrated until now.

In this experimental work we demonstrate two digital phase modulation schemes. A
binary phase-shift keying (BPSK) and a customised 4 phase-shift keying (C-4PSK) is im-
plemented on a 3 GHz microwave carrier and its optical intensity demodulation readout
is demonstrated at 795 nm. Our experiment uses three atomic hyperfine levels interacting
with one microwave and two optical fields in a closed and cyclic fashion in °Rb atoms at
room temperature. The noteworthy feature in our communication protocol as compared
to Rydberg atom based ones is that our cyclic atomic scheme is sensitive to the relative
phase of fields it interacts with. Thus it can naturally encode a signal in the phase of a
microwave field and retrieve it as an intensity change in the optical field without the need
for an external demodulator.

Utilising this feature, we demonstrate a viable signal bandwidth of about 1 MHz and
a carrier frequency change of about 15 MHz. More importantly, our atomic system ampli-
fies the demodulated optical signal through a hybrid second-order nonlinearity involving
a magnetic dipole and an electric dipole transition. This amplification increases the con-
trast of the output optical signal and makes it sensitive to small input phase changes.

Furthermore our system utilises for its communication protocol, a dark state which is
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also a quantum memory state [17] making this scheme ideal for storage of microwave [18]
quantum signals and its coherent conversion to optical regimes [19]. Thus our experiment
is one of the very few direct digital phase modulation and demodulation schemes to be

implemented in an amplifying atomic radio-over-fibre device.

2.2 Experimental details

For our experiment we use three hyperfine energy levels in the D1 manifold of ®Rb in a
A configuration. These levels are cyclically connected by two optical and one microwave
field forming a phase sensitive closed A system also called as a A system. This is shown
in Fig. 2.1.

The strong coupling laser connecting the 52S;2 , F = 3 (|2)) metastable state and

) P1/27F — 3|3>
S aelze s,
Y13 ~23
Q,y,w,
0
2 S .. LE
Qu,wp
5251/2,F =2

Figure 2.1: Hyperfine energy levels in a A configuration in 8°Rb used for our communication
scheme. The detunings of probe, coupling and microwave fields are represented by 6, é. and 9,
respectively. The Rabi frequencies of the probe, coupling and microwave fields are denoted as
Qp, Q¢ and €, respectively

52P1,5 , F ' =3 (|3)) excited state is derived from an External Cavity Diode Laser(ECDL),
tuned at 795 nm. The 5%S;/, , F=2 (|1)) ground state is connected to the excited state
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|3) by a weak probe beam, derived from the coupling laser after passing through a phase
modulated Electro-Optic Modulator(EOM). The EOM is driven by a microwave source
which also is the source of the carrier microwave signal in our experiment as shown in

Fig. 2.2. The derivation of probe beam from coupling beam ensures phase coherence

Figure 2.2: Experimental Setup. Here ECDL —External Cavity Diode Laser, MC —Mi-
crowave Cavity, MS —Microwave Source, MPM —Microwave Phase Modulator, SA —Spec-
trum Analyzer, PD —Photo-Detector, EOM —Electro Optic Modulator, AOM —Acusto Optic
Modulator, PS —Power Splitter, QWP —Quarter Wave Plate, HWP —Half Wave Plate, M
—Mirror, PBS —Polarising Beam Splitter, BS —Beam Splitter, LO —Local Oscillator.

between the two fields. The ground state |1) and the metastable state |2) is coupled
to the oscillating magnetic field of microwave carrier enabling magnetic dipole transition
between the states as dictated by selection rules. The 1 cm Rb vapour cell, which is
our atomic antenna in the experiment, is placed inside a microwave cavity resonating at
3.0357 GHz. The cavity is designed to support TEy; mode to further strengthen the
weak magnetic dipole interaction between the microwave field and atoms. The microwave
excitation is fed into the cavity through a small loop antenna placed inside the cavity.
The measured quality factor and the line width of the microwave cavity is 10946 + 274
and 277.467 £ 6.814 kHz respectively at 3.0357 GHz. The loop antenna couples about
84 % of the input microwave power to the cavity at resonance. Thus the atoms inside the
cavity interact with the two optical fields and the microwave field as shown in Fig. 2.2.

The Rabi frequencies associated with coupling, probe and microwave fields are €, €,
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€1, respectively.

We use optical heterodyning technique to separate the probe beam exiting the cavity
from other co-propagating optical fields. The heterodyne technique consists of mixing the
fields coming out of the experimental cell with that of a reference local oscillator (LO)
optical beam. In our experiment the LO is derived from the coupling beam(w,.) after
passing it through a double pass set-up which up-shifts w. by 120 MHz with the help of
an acuosto-optic modulator(AOM) giving a beam at ( w. + 120 MHz). The LO beats
with the output beams coming out of the vapour cell through mixing on a beam-splitter.
The desired optical probe beam which is at w, = w. + 3.0357 GHz is then separated from
other beams and appears at a down converted rf frequency (3035.7 - 120) MHz which is
then detected by a high bandwidth photo detector. The output of the photo-detector is
recorded in a spectrum analyser.

We define 9, , 6. and ¢, as the detunings of the probe, coupling and the microwave
field from their respective atomic transition energy levels as shown in Fig. 2.1.

The co-propagating coupling and probe laser powers are 160 W and 20 uW respec-
tively with a minimum beam diameter of 1 mm. The three-photon resonance defined as
dp—0.—0, = 01is satisfied throughout our experiment. This ensures that time-independent
steady state values for populations and coherences exist in our scheme [20]. Under an un-
changing three photon resonance, our digital communication protocol is tested for various
values of two-photon detuning between the optical fields given by d; = o, — .. Under
two-photon resonance given by d, = 0, our cyclic atomic system has a dark state which
enables transparency for the probe field due to the EIT effect which reduces absorption.
Hence the effective bandwidth for our communication is decided by the EIT bandwidth.

The cyclic and closed nature of interaction of the three electromagnetic fields with
their respective transitions makes the populations and coherences dependent on the rel-
ative phase between all the three fields. This relative phase A¢ is defined as A¢ =
(kp — ke)z + ¢, The first term represents the propagation phases of the coupling and
probe fields and the second term is the absolute phase of the standing wave microwave
field inside the microwave cavity. In our experiment we have changed the relative phase
A¢ by changing the phase ¢, of the microwave field through a digital phase modulator.

We give below a very brief explanation of the nature of hybrid second-order non-

linearity in our cyclic atomic system which enables our digital communication scheme.
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The polarization induced in the atoms by probe, coupling and microwave electromagnetic

fields is given by [21]

P~ eoEop(Xél)(wp)e’i“Pt +c.0)/2+

€0Eoe Bop (X (we, wy,)e = (@etenH89) 4 ¢ o) /4 (2.2.0.1)

Here Ey,, and Ey. represent the electric field amplitudes of the probe and coupling op-
tical fields and By, represents the magnetic field amplitude of the microwave field with
its phase ¢,. The combination Fy.By, represents the hybrid second-order non-linearity
which generates a response at the sum frequency w. +w, = w,. The induced transparency
effects seen in our system is captured by the Xz(,l) response and the generation of probe
frequency resulting in probe amplification comes from the X}(,Q) term.

The magnetic dipole interaction breaks the centre of inversion symmetry present in
our atomic system, ensuring a non-zero three-wave mixing nonlinearity which enables in-
teraction between the strong coupling and microwave field. This hybrid second order non-
linearity is shown to generate a coherent optical probe field in our earlier experiment [14].
It is also shown by us experimentally that the generated probe field can coherently su-
perimpose on a seed probe beam and give rise to a phase dependent amplification and
de-amplification of the probe field [15].

For explicit calculation of nonlinearity the following method can be adopted. We can
obtain steady state expressions for the density matrix elements p;;, which represent popu-
lations in various atomic states and coherences between a pair of states due to interaction
with electromagnetic fields. This can be obtained from solving the master equation rep-
resenting the atomic interaction with the electromagnetic fields and the bath [20]. Using

the steady state expressions of p;; the induced atomic polarization can be written as
P = N(dlgp%)eiiwpt -+ dlgpg?eii(wﬁrw“)t + dggngeiiwct -+ C.C) (2202)

where NV is the atom density.

Comparing Egs. (2.2.0.1) & (2.2.0.2), from steady state expression of p13(€2,, Q¢, ,,,d,,, 0c)
we can identify coeflicients of €2, (p%))as )(7(31) and coefficients of QCQM(p%) ) as X](f). Thus
we can get a handle on the three-wave mixing nonlinearity X;Q) and its dependence on

Qec, Qu, 04, & O
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2.3 Results and discussions

To demonstrate the microwave phase dependent intensity changes in the optical probe
field we performed an initial experiment where we change the phase ¢, of our microwave

field continuously over a full period. The resultant intensity changes in the optical probe

3_

Gain

0_| | | [ |
0 /4 27 3nx 47

A¢ (Radian)

Figure 2.3: Normalized transmitted probe intensity (Gain) vs relative phase(A¢). The data
is taken at d9 = 0 and d3 = 0 for a microwave power of 500 mW.

field is shown in Fig. 2.3. The intensity of the output optical probe field is normalized
with its intensity when the probe is far-detuned from its resonance, by about 1 GHz.
Thus any value which is more than unity in our plot in Fig. 2.3 signifies amplification of
the optical probe field and values less than unity signify de-amplification.

We now use this microwave phase dependent optical intensity changes to encode in-
formation in the communication channel. We choose appropriate microwave phase values
where a one-to-one correspondence of the output probe intensity to the input microwave

career phase exists. We have implemented both BPSK and C-4PSK using this phase-to-
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Figure 2.4: Optical probe contrast vs microwave power for a symbol frequency of 250 kHz.
The data is taken at do = 0 and at d3 = 0 values.

intensity mapping.

In our experiment the contrast is defined as the difference between maximum and
minimum values of probe transmission. To find the optimal contrast for implementing
BPSK and C-4PSK communication, we examine the contrast of the probe field for dif-
ferent values of input microwave power to the cavity. These results are shown in Fig. 2.4
and we choose a microwave carrier power of 500 mW for the experiment which gives the
highest contrast.

In BPSK, we modulate the microwave carrier phase at various modulation frequen-
cies also called symbol frequencies. The modulation phase ¢, of the microwave carrier
encodes two binary states ‘0’ and ‘1’ corresponding to two phases which are 7 radian apart
as shown in Fig. 2.5(a). These two phases are chosen to ensure maximum contrast in the
probe transmission. As explained before our atomic system inherently demodulates and
amplifies the encoded signal to optical intensity changes. This is shown in Fig. 2.5(b)-(d)
for various input symbol frequencies.

For our C-4PSK communication scheme, we select microwave carrier phases as 0,
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0.3617, 0.6387 and 7 to encode information. This is shown in Fig. 2.5(e). These phases
correspond to the four distinct and equispaced values in the output probe intensity and en-
sures demodulation with minimum error. The output probe intensity changes are shown
for various modulation frequencies in Fig. 2.5(f)-(h). Thus Fig. 2.5 demonstrates the
phase-to-intensity demodulation and phase dependent amplification between microwave
and optical frequencies for both BPSK and C-4PSK communication protocol. We can
demonstrate faithful demodulation up to a symbol frequency of 750 kHz. Beyond this fre-
quency the output optical probe power’s contrast between different states reduces. This
restriction mainly arises from the EIT bandwidth and the resonance bandwidth of our
microwave cavity. We also find that on decreasing the microwave power the contrast be-
tween different states in the plots of Fig. (2.5) decreases.

In Fig. 2.6 we show the transmitted probe signal as a function of microwave carrier
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Figure 2.6: Gain vs time plot with various d2 values for (a) BPSK, (b) C-4PSK for d3 = 0 and
microwave power of 500 mW.

frequency change. We have changed systematically the microwave detuning d,, in various
runs of our experiment to find the effective carrier frequency change of our communication
protocol. It is to be noted that changing J,, in our experiment effectively changes ds.
The plots in Fig. 2.6(a) give the transmitted probe power for various two-photon de-
tuning (d2) values for BPSK scheme. These plots indicate that the mapping of microwave
phase to optical intensity is univocal upto a carrier frequency detuning of 15 MHz. As
expected, the contrast reduces with increasing detuning due to the violation of two photon

resonance condition. Our C-4PSK communication protocol also show similar trends as

that for BPSK. This is shown in Fig. 2.6(b).

33
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Figure 2.7: Correlation coefficient vs symbol frequency plot for (a) BPSK, (b) C-4PSK at
09 = 0, 03 = 0 and microwave power of 500 mW. The continuous line is the fitted model for
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experimental data.

In-order to understand the error performance of our atomic receiver we correlate the

demodulated output with an ideal template and obtain the correlation coefficient for
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different symbol frequencies. The correlation plots for BPSK and C-4PSK is shown in
Fig. 2.7.

We have performed measurements for both BPSK and C-4PSK upto a symbol fre-
quency of 750 kHz. From the fitted model to the plots the 3 dB frequency roll-off measured
L value of unity is seen to be 1.08 MHz for BPSK and 0.85 MHz for C-4PSK. The

as s
relatively high value of correlation coefficient is also maintained upto a carrier frequency

change of 15 MHz.

2.4 Conclusion

We have experimentally implemented BPSK and C-4PSK communication protocols using
a cyclic scheme in a room temperature °Rb atomic vapor system. The microwave phase
dependent nature of output optical probe intensity and the amplification resulting from
a hybrid three wave mixing nonlinearity makes our atomic radio-over-fibre system act
simultaneously as a demodulator and an amplifier. We demonstrate a symbol frequency
bandwidth of about 1 MHz and a microwave carrier frequency range of 15 MHz for both
our communication protocols. The atomic states used in our scheme are also quantum
memory storage states making our system inherently suitable for future radio-over-fibre

conversion of quantum signals.
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Chapter 3

Microwave-driven generation and
group delay control of optical pulse

from an ultra-dilute atomic ensemble

3.1 Introduction

Generating few-photon and single-photon [1, 2, 3, 4] pulses-on-demand is an important re-
source for many applications in quantum enabled technologies. Several practically realized
quantum key distribution protocols use attenuated laser pulses [5, (] whereas quantum re-
peaters and quantum computing modules use single-photon pulses-on-demand [2, 3, 4, 7].
Such few-photon on-demand sources are traditionally implemented through controllable
semiconductor sources such as quantum dots and color centers in crystals [3].

Dilute atomic sample-based controllable generation, storage and transmission of single-
photon pulses has been experimentally realized [9, 10]. Such atom-based generation
schemes relies on the Electromagnetically Induced Transparency (EIT) effect and is im-
portant for practical realization of quantum networks. A large number of EIT-based
systems have been studied for controlling the group delay of pulses. In these systems
control of propagation dynamics of an input pulse as subluminal [11, 12, 13, 14, 15] and
superluminal [16, 17, 18, 19] propagation have been both experimentally and theoretically
investigated. In addition there are studies that provide a knob to change the propagation
of light from subluminal to superluminal [18, 19, 20, 21, 22, 23, 24, 25], giving control for

continuous tunability of group delay. Observation of nonlinear generation of subluminal

39



and superluminal pulses using EIT-based schemes in atomic vapours [26, 27, 28] has been
experimentally investigated too. These studies are of particular importance in realising
optical delay lines [29], optical coherence tomography [30] and pulse-jitter corrections [27].

In the above mentioned studies of EIT-based generation and control of photon pulses
done so far, efficiency of the process is directly proportional to number density and spatial
extent of the sample. This scaling limits the prospect of integration of these systems with
chip-based integrated circuit devices, which are being increasingly used as a platform for
realising scalable quantum technological architectures [31].

In this work a atomic level scheme interacting with an optical and a microwave field
is proposed for generation and group-delay control of few-photon optical pulses. More
importantly, the group delay is independent of atom no. density and spatial extent of
the generating sample. Our analysis exploits a hybrid second order-nonlinearity under
conditions of electromagnetically induced transparency in a dilute sample of cyclic closed
three-level system to generate an optical pulse. As the probe pulse is generated by a sum-
frequency process between pump field photons, it can be made on-demand by tailoring
the time when one of the pump fields, either the optical field or the microwave field, is
switched on.

We show that group delay of the optical pulse can be controlled by the intensity of
the pump microwave field. This tunable control has the characteristics of subluminal and
superluminal propagation of light but arises from a different physical effect. The intensity
of the pump field alters the absolute phase for different frequencies present within the
generated optical pulse resulting in changes in the group delay. Most significant of all,
this control is shown to be number density-independent and hence can be achieved with
few atoms resulting in few photons per pulse. For experimentally feasible parameters, we
show that a group delay of the order of 1 us can be achieved with an ultra-dilute density of
108 cm~3. At such densities, we show that the generated optical pulse has approximately
a mean photon number of one. Sample lengths as small as 100 gm have been shown to
introduce changes in group delay paving the way for the integration of such systems with

chip-based photonic architectures.
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3.2 Deriving Hamiltonian

For the theoretical analysis, we consider a three-level system with the energy level and

3)

the connected laser fields as shown in Fig. 3.1

A, LA,

Wy, {2, We, §,

2713 2793

Figure 3.1: Schematic diagram of A atomic system. [1) — |3) and |2) — |3) are electric
dipole-allowed transitions and are coupled by probe (§2,) and coupling (€2) fields respectively.
|1) — |2) is a magnetic dipole allowed transition and is connected by a microwave field (£2,,).

This three-level scheme can also be realized using the hyperfine energy levels of 8°Rb
atom in D1 manifold. The three-level system consists of a ground state ‘1), a metastable
state ‘2) and an excited state ‘3) The resonance frequency of the transition between the
levels is defined as w;; where (7,7) € (1,2,3) and 7 # j. Two optical fields, called probe
(wp) and coupling (w.), couple the electric dipole permitted transitions |1) <+ [3) and
|3) <> |2). A microwave field connects the magnetic dipole allowed transition |2) <> |1).
The rabi frequencies and detunings of the probe, coupling and microwave fields are defined

as (Qp, Ap), (e, Ac) and (€2, A,) respectively. 2713, 2793 and 27,2 are the decay rates
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from the respective basis states.

The bare atom hamiltonian is defined as

hwer 0 0
Ho=| 0 hwe 0 [, (3.2.0.1)
0 0 Awos

where wy;, for i € (1,2,3) are the frequency of the bare atomic energy level with respect
to the reference level.

We express the electric field and magnetic field of the probe, coupling and microwave

fields as

E,(t) = e, Epcos(wpt + ¢p), B, (t) = by Bycos(wpt + ¢y), (3.2.0.2)
E (t) = €.E.cos(wct + ¢e), B.(t) = beBocos(wet + ¢0), (3.2.0.3)
E,(t) = &,E,cos(w,t + ¢,,), B, (t) = b,B,cos(w,t + ¢,), (3.2.0.4)

respectively. w; and ¢; are the frequency and initial phase of the respective laser fields,
where i € (p,c, 1) €; and b; are the polarization vectors of the electric field and magnetic

field respectively.

With the above definitions the interaction Hamiltonian(Hj,) for the three level system

can be defined as

—

H, = —d.Er(t) — fi.Br(t),

— —d.(E,y(t) + Ec(t) + E,(t)) — fi-(By(t) + B.(t) + B,(t)) (3.2.0.5)

where E1 and Bt are the total electric field and magnetic field of all the interacting field

respectively. d and ft are the electric and magnetic dipole moment operator respectively.
We can write the above Hamiltonian with the eigenbasis of H, in matrix form as

—

0 2. Br(t) Cas-ET(t)
Hint = - ﬁQl.éT(t) 0 Ci;gE_:T(t) (3206)

—

g1 Ep(t)  dsy. Er(t) 0

By using rotating wave approximation, we can safely remove the field components in the
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Hamiltonian H,;, which are insignificant. After modification, we can write the Hamilto-

nian as
1 0 ﬁlQ'gMBMei(wutH)“) CZ;3~€pEp€i(wpt+¢P)
H, = -5 ﬁQl-g#Bue_i(w”H%) 0 dgg'e—c‘E’Cei(wct-l—(bc) (3.2.0.7)
Ciél.ngpe_i(wpt+¢p) CZéQ-chce_i(wct+¢C) 0

Now, we can write the total Hamiltonian as H; = Hg + H;y.
The above Hamiltonian needs simplification as we can see all the non-zero terms in H;
are time-dependent. To reduce the no. of time-dependent terms in the Hamiltonian, we

need to transform it to a new basis. We define the matrix for unitary transformation

(H, % H)) as

e~ wnttdu) () 0
U(t) = 0 10 (3.2.0.8)
0 O ei(wct+¢c)

In order to derive the transformation equation for H, Y, H] we have to make sure

that H] must obey the Schrodinger equation,

A, Lo
H/|n') =ih (!%>
_ L O0U|n))
=
. dlny 0oU
L[ —iU oUu
Coou

where |n) and |n') are the basis vector of H; and H, respectively. They are related by
[n) =U®)ln).

Thus the transformation equation for HY is,
ou
H =UHU' + ihEUT (3.2.0.10)
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By using Eq. (3.2.0.1, 3.2.0.7, 3.2.0.8) in Eq. (3.2.0.9) we get,

—2hwor /5612.5#3# jlg_ngpe—i((chrwu—wp)t—aw)
H{ = _; ,ng.l;uB“ —2hwos dys.E. B,
dyy €, Byl (@etwn—wp)t=0re) o) & 5 — 2w
w, 0 0
+h|l 0 0 0
0 0 —w.
—2(hwor + hw,,) [ir2 by By, dyg.E Epe (wetn—wp)i=drer)
= _; /7211;#3” —2hwos Cizs-chc
dyy ., Epei(wetwn—wp)t=rat) o, & B, 2(—hwos + Tiewe)
(3.2.0.11)

where ¢,¢; = ¢p — ¢ — ¢, is the relative phase difference between the interacting fields.

As we already know, the addition of any constant times unitary matrix can not change

the time evolution of a system, we add —/iwg, times Identity matrix (I) in H, to simplify

it further. We got the new H;

—2(hwor + hw,,) b, B, dys.EEye (Wetwn—up)i=dre)
H{ = _; ﬁQl-guBu 2hwo2 dys..Ee
Cfgl.ngpei((wcwu—wp)t—¢mz) dao. €. E. 2(—Twgs + hw)

100

—Twez |0 1 0

0 01
1 2(—hwoy — ?wu + Fiwgn) fi12.b, B, cflg.ngpej«wcmwp>t¢rez>

73 fiz1.b, By, 2(—Nwoz + hwoz) dos.€.F
CZ%1-ngpei((wC+w”_wp)t_¢T€l) ds.€.E 2(—hwoz + hwe + hwos)

(3.2.0.12)
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Below we define few quantities which will further simplify the Hamiltonian. Those are

A, = w, — ws; — Detuning of probe field from its resonance, (3.2.0.13)
A. = w. — w3y — Detuning of control field from its resonance, (3.2.0.14)
A, = w, — wy; — Detuning of microwave field from its resonance, (3.2.0.15)

as shown in Fig.(3.1).

Ay =A, —A;— A, =wp, —we —w, ,is called the three photon detuning. (3.2.0.16)

é,.ds E

Q, = % — Rabi frequency of the probe field. (3.2.0.17)
6_}0'652;2E'c .

Q. = o — Rabi frequency of the control field. (3.2.0.18)
gp-/iju . .

Q, = —op Rabi frequency of the microwave field. (3.2.0.19)

After using the above definitions the Eq. (3.2.0.12) reduces to

A, —Q, _Q;ei(Astwmz)
H/=nh —Q, 0 —Qr ) (3.2.0.20)
_Qpefi(ASt‘i'qsrel) _QC —AC

The above Hamiltonian is simplified and contain only two time-dependent terms which

are complex conjugate to each other.

3.3 Density matrix formalism

Now, as the state of the three-level system can be a mixed state we require density matrix

to represent the state of the system, which can be defined in |n) basis as

p=>_ P,[n)(n|, (3.3.0.1)

where P, is the probability of finding the system in state |n).
The time evolution of the system can be explained by using the von Neumann equation

which is

—1

p=—"IH.p) (3.3.0.2)
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Similarly in the transformed basis (|n')) the von Neumann equation for time evolution

will be,

o

—1

~H],ql, (3.3.0.3)

where o is the transformed density operator and is related to p as

o=> Py|n)(n|=UpU" (3.3.0.4)

Till now, we have not included any dissipation in our three-level system. As we know,
dissipation can arise due to spontaneous emission of a photon, collision between atoms,
etc., which can eventually de-populate the atom in one of the energy levels and also can
create phase decoherence. In this section, we will account for the population decay in the

three-level system.

Taking dissipation into consideration, the master equation can be described as

—1

h

o

H{, o]+ > A(Lo (3.3.0.5)

ke(p,c,p)

where A is called the Lindblad super-operator, which takes dissipation into account and

is defined as,

oLl L,+ L L,o)
2

ALy)o = Lo L — ( (3.3.0.6)
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The L;’s are atomic states projection operators defined as,

o

0 V273

L,=10 0 0 ;273 is the spontaneous decay rate from [3) — 1) (3.3.0.7)
0 0 0

S
e}

0
V2725 | 5 2723 is the spontaneous decay rate from |3) — [2) (3.3.0.8)

0

&~
e}
I
o o
o o

o

V2712 0

L,=10 0 0]f; 2v2 isthe spontaneous decay rate from |2) — |1) (3.3.0.9)

)

0 0

With this, we can write the first and second term on the right-hand side of Eq. (3.3.0.6)

as
S LwoL]
ke(p,c,u)
2712092 + 2713033 0 0
0 27930 0
_ T T (3.3.0.10)
0 0 0
and
ke (p,c,u) 2
(3.3.0.11)
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0 —712012 —723013 — V13013

—723031 — 713031  —723032 — 713032 — 712032 —2723033 — 2713033

equation for density matrix element as

- —7Y12021 —27912092 —723023 — 713023 — V12023

(3.3.0.12)

Replacing Eq. (3.2.0.20, 3.3.0.10 and 3.3.0.12) in Eq. (3.3.0.5) we obtain the evolution

033 = 1§2.093 + Z‘Qpefi(ABtH)M)Ula — i 039 — inei(A3t+¢rel)U31 — 2(m13 + 723)033

092 = 82032 + 182,019 — §de023 — 12,091 + 27923033 — 2712022

0'5),2 = —"7Y032 —+ iQpe_z(A3t+¢Tel)0'12 —+ iQC<022 — 0'33) — ’iQZO’gl

031 = —Q0o31 + iQpeiz(A3t+¢rd)O’11 + ’chggl — iQpeil(AgtJrqul)O'gg — Z'Q‘LLO'32

. . —i(Aat . . .
091 = —60’21 — @Qpe (A3 +¢Tel)0'23 + lQ:O'gl + ZQMO'H — ZQMUQQ

with

o1 =1—033 — 09

where

& = Y13 + Y23 — Z(AC + Ap)
B = Y12 — ZAM

v = "3+ Vo3 + M2 — 1A

experimental setup.
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(3.3.0.13a)

(3.3.0.13b)

(3.3.0.13¢)

(3.3.0.13d)

(3.3.0.13¢)

(3.3.0.14)

(3.3.0.15)
(3.3.0.16)
(3.3.0.17)

In the above derivation the dissipation due to atomic collisions is not taken into consid-

eration as we can assume our atomic sample is very dilute which is indeed the case in our



3.4 Steady state solutions

The above transformed density-matrix equations are written in the rotating frame. These
transformed density matrix (o) is related to the original density matrix (p) in terms of

matrix elements as

P32 = 032€_i(wct+¢c), (3401&)
P31 = 031e_i(("JC‘*“’Ju)t'ﬂﬁc-i-dm)7 (3.4.0.1b)
P21 = 0_216—i(w#t+¢)#)‘ (3401C)

Now, in order to understand the propagation of probe field inside the nonlinear medium
we have to solve the wave equation, which require the calculation of susceptibilities for
probe field.

So writing scalar polarization of the atoms, induced by electromagnetic fields to first order

in probe amplitude, we get

eoEp(Xg)(wp)e_int +c.c.) N eOECEu(Xf) (we, wy, JeTiWetwnlt 4 c))

P(t) = . f ,

(3.4.0.2)

where x{(wy), x{?(wy) are the linear and second-order susceptibilities of the probe field.

Writing polarization in terms of rotated density matrix elements by using Eq. (3.4.0.1)
P(t) = N(d130316_i(“’c+w“)t + dgp0g0e Wt c.c.), (3.4.0.3)

where A is the number density of atoms.

The susceptibilities of probe Xl()l), Xg) are obtained by calculating o3 to first order in

probe amplitude [20]. Towards this, we expand density-matrix elements o of (3.3.0.13)

as

Ok = O'](-Z)QCQM + 0§,1§)Qpe_i(A3t+¢rel) + oﬁ)Q;ei(A?’H‘i’ml) (3.4.0.4)

(7,k € {1,2,3}).
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The perturbative expansion (3.4.0.4) is substituted in Eqs. (3.3.0.13), and we neglect
terms of order Q2 as Q, < Q, & Q.. The 15 unknowns aj(g), a](.,lc), aﬁ) (three for each five
equations) are found by solving the resulting linear equations for steady state as can be
found in the appendix. Then the required susceptibilities are obtained by substituting

Eq. (3.4.0.4) for o3; in Eq. (3.4.0.3) and comparing it with Eq. (3.4.0.2), giving us

dysd
XI()Z)(WC + Wy We, W) = (W) ag)(Qc, Qu Ao, A, (3.4.0.5)
0
N d?
X (wp, wp) = (q)f;?’)ag?(ﬂc, Qy Ao, Ay, A). (3.4.0.6)

In the succeeding section, XS) and X§>2) are used to study the group delay and temporal

profile of the generated probe pulse.

3.5 Derivation of generated pulse profile

In this section we study the A system without the input probe field and investigate the
effect of various parameters on group delay of a generated probe pulse, generated through
the hybrid second order-nonlinearity x?- Towards this we use a modified A scheme given
in Fig. 3.2. In this scheme the input microwave field (€2,(A,)) is a pulse which gets up-

converted to a probe (£2,) pulse (not shown in figure) in presence of a coupling field (£2.).

The pulse propagation can be analysed by solving Maxwell’s equation given by

’E(z,t) 1 d*E(2,1) N d*(P(z,t))
A2 @ az T g

(3.5.0.1)

where E(z,t) is the electric field propagating in the medium and P(z,t) is the source
term/polarization of the medium and can be separated in to linear (P) and nonlin-
ear (Py) part.

As the microwave pulse is composed of many frequencies and so will be the generated

pulse, we have to solve the wave equation for probe pulse in frequency domain which is
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given in Eq. (3.5.0.2)

d*E,(z,w) w?
CENLL) 2 (o) — s (P + Pra)

where E,(z,w) is the pulse amplitude in frequency domain

1)

(3.5.0.2)

Figure 3.2: Pulsed microwave field Q,(A,) and a CW coupling field €2 is used to observe

pulsed probe generation through the nonlinear susceptibility ng) .

As the up-conversion discussed here is a sum-frequency generation process, the non-

linear source term is the second-order polarization for probe pulse, which can be written

in time domain [32] as

o0 d ’ o0 dw / .
P3(z,t) = eo/ e / —“X(Z)(wcf,wMI)E’C(z,wC/)EM(Z,w“/)e_W"t,

o 2T J_o 2m

where w, = w, +w, and w,,w, are the frequencies used for up-conversion.

but according to the Fourier transformation

P(2)(z,w):/ PO (z t)e“dt.

[ee]
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So, substituting Eq. (3.5.0.3) in Eq. (3.5.0.4), we get

dw s dw / . .
(z,w) = eo/ / / Ve )(wc/,wul)EC(z,wc/)Eu(z,wu/)e_lw"temdt

o 27r
(3.5.0.5)

by using the property of Fourier transformation of complex exponential function

dw / dw /
P®(z,w) = / / . 27T )(wc/,wM/)EC(Z,wc/)Eu(z,wu/)d(wg —w)

dw / dw /
= 60/ / o 27T )(wc/,w#/)EC(z,wC/)EN(z,w#/)é(wu/ —(w—wy))

% J
= (—:0/ ;}C XD (W, w —w)Eo(z,w ) Ey(2,0 — wy) (3.5.0.6)

T C
but E.(w.) is a monochromatic field which can be written as
E(wy) = E.(we)d(wy —we) (3.5.0.7)
after inserting Eq. (3.5.0.7) in Eq. (3.5.0.6), we obtain

P (2,w) = eoxP (we, w — we) Be(we) By (w — we) (3.5.0.8)

We have assumed both the coupling and microwave fields are undepleted fields. So, we can

write, EC(Z?WC’) = EC(WC,) = EC(Owwc')eikcz and EM(Z7wu') - EM(W,L/) - EM(O,Wp/)eik“z.

Now let us assume the solution of wave Eq. (3.5.0.2) is
E,(2,w) = A(z,w)e*?, (3.5.0.9)

where A(z,w), k, is the amplitude of the envelope and propagation vector, respectively.
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Substituting Eq. (3.5.0.9) in Eq. (3.5.0.2), we obtain

2
(d A(z,w) N Qik:pdA(Z’w)

2 ikpz
e — kpA(z,w)) ¢

w2

= —C—QA(Z, w)elkr?

o wz’uo <€OXI(31)A(27 w>eikpz + 60X129(w2; w — WC)EC(Oa WC)EM(O, W — WC)Ci(kc+k“)z>

(3.5.0.10)
Which then simplifies to
d*A(z,w) . dA(z,w)
((122 —|— 21]{&;7 — ]fIZ)A(Z, (.U)
w’ 1 w? 4 iAk
= —C—2(1 + Xé NA(z,w) — gxp(wg;w — we)Ee(0,w)EL (0, w — we)c' =" (3.5.0.11)
where
Ak = ko + Ky, — ky, (3.5.0.12)

is called the phase mismatch.

we can drop d*A(z,w)/dz? on the left-hand side of Eq. (3.5.0.11) as it is very small
compared to the second term. This approximation is called slowly varying amplitude

approximation(SVAA) and is valid when

d*A(z,w) dA(z,w)
— kp—————= 5.0.1
72 ’ < |kp— - ’ (3.5.0.13)
w2
After SVAA and using k2 = C—Q(l + x{V(w)), the Eq. (3.5.0.11) becomes
dA 2 .
Qikpgizz’w) = —%XI@ (Wey w — we) Ee (0, we) E,(0,w — we el
dA(z,w) iw? g Al
= = X (Wey w — we) Ee (0, we) E,(0, w — we)e ™™ (3.5.0.14)
dz 22k, P g
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and

inX(Z)((,u w—w )E (O w )E (0 w— w ) (eiAkz . 1)
A = T R—— - 3.5.0.15
(=) 2c2k, AL ( )

For a perfect phase matched condition, where Ak = 0, the pulse profile will be

lim A(z,w)
Ak—0
iw? X (we, w — we) Be(0, we) E,(0,w — we) (2R )
- lim ———« 2%
2C2kp Ak—0 iAk
w2 D (we, w — we) Be (0, we) B, (0, w — we
_ Wy (We, w — we) Be(0, we) E,(0, w o.;)z 550,16
2c¢2k,

The temporal pulse profile of probe electric field amplitude by means of Fourier trans-

formation can be written as

1 [ .
E,(z,t) = 27r/ Az, w)elFrz=wb gy, (3.5.0.17)

—00

where A(z,w) is the pulse amplitude in the frequency domain as derived. With the help of
susceptibility expressions given in Eqs. (3.4.0.5) and (3.4.0.6), we calculate the temporal
profile for a generated probe pulse. To ensure pulse-probe generation, we employ an input

Gaussian pulsed microwave field,
0, (2 =0,4,) = (200v2r/8)e i/ (3.5.0.18)

driving |1) ¢ [2), where 2€2), and § are the amplitude and spectral width of the envelope,
respectively. The coupling field in Fig. 3.2 is the same as the one in Fig. 3.1, a CW with
A. = 0. The input fields are taken to be propagating along the positive z-direction. The
vapour cell has length [ and extends from z = 0 to [, and the input fields are defined at
the entrance to the cell at z = 0.

Due to XI()Z) the pulsed microwave field combines with the CW optical coupling field
to give rise to a pulsed probe field through a sum-frequency generation process. By
conservation of energy, the generated probe detuning (A,) will be equal to the microwave
detuning, i.e., A, = A,. Such a generation was theoretically studied [33] and already
experimentally observed by us [34].

We have assumed the input microwave pulse and the CW optical coupling fields are
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undepleted pump fields. The magnitudes of the propagation vectors of the coupling,

microwave, and probe (at center frequency ws;) fields inside the vapor cell are

~wpn?  wih (1Y) L2 — wany,  (war + A)(1+ X))
) nw

) B _
ke = 2 c? 2 c? ’ (3:5.0.19)
2 2 1
+ AR)2(1 + XV
k:f) _ W31211p :(wsl p)g( Xp )7 (3.5.0.20)
C C

where (1, XS) are the linear susceptibilities of the coupling and microwave fields. The
wave-vector mismatch of the generated probe field is defined as Ak = (k. + k,,) — k,. We
assume a length [ for the cell such that Akl < 1 over the bandwidth of the microwave
pulse. For brevity, the arguments of the following functions are suppressed: 2,(A,) = Q,,
kp(Ap) = kp and X2 (A,) = [x? ¢ Under the assumptions stated above, substituting
Eq. (3.5.0.16) in Eq. (3.5.0.17) and using Eq. (3.2.0.17-3.2.0.19), the temporal envelope
(€28) of the generated probe pulse at z = [ and with w = w3; + A, in the slowly varying

amplitude approximation [35] is

% i(way 4 AL)21Q, Q| @ [eid? eilkpl—(ws1+25)1)
Qf)(l,t):/ (o1 + Ap) 122l dA,, (3.5.0.21)

Kc2k,

[e.9]

where K = 2mp91dss/hds;. For simplicity, the microwave pulse bandwidth is assumed to
be small enough such that only the effect of central frequency is considered for estimation
of Xg). As can be seen from Eq. (3.5.0.21), the dynamics of the generated probe pulse
profile depends on the complex (C) quantities Xg) and Xl(f)- We study in-detail the effects
of linear and non-linear susceptibility on the amplitude and group delay of the generated

probe pulse.

3.6 Results and discussions

The amplitude of the generated probe pulse depends on |X1(;2)| and the imaginary part

of XV (xi))

. Under two-photon resonance between the generated probe pulse and the
coupling pulse our system satisfies all the conditions necessary for showing EIT effect as
seen in Fig. 3.3. At two-photon resonance, (A, = 0) the typical value of X%) is around
10~7. To make sure that the generated probe pulse suffers negligible absorption due to

X%), the generated probe bandwidth is chosen to be within the EIT window through
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appropriate choices of § and 2. values. Henceforth we assume that absorption of the
generated pulse due to linear susceptibility is negligible. We therefore drop terms relating

to Xg) from Eq. (3.5.0.21).

0.0 0.2 0.4

- 0.4 - 0.2
Ap/ Y13

Figure 3.3: Real and imaginary parts of the linear susceptibility as a function of generated
probe detuning, for Q. = 0.4v;3, Qg = 0.004~13, v12 = 0.004~13, 713 = 57 X 108 rad/s and
N =10% cm—3,

Group delay of the generated probe with respect to a reference pulse is defined as the
time difference in peak arrival time of the generated probe pulse and the reference pulse,
both calculated at the end of the vapour cell. The peak here is defined as the peak of
the generated optical pulse with maximum amplitude. The reference is a Gaussian pulse

traversing the same length in vacuum given by

1 ee .
(L, 1) = - / (V27 [ )e~28/20 gilwartAp) /=D g A (3.6.0.1)

where QY and ¢ are the amplitude and spectral width of the reference respectively.

This group delay depends on two qualitatively different spectral phases acquired by
the generated probe as seen in Eq. (3.5.0.21). The first spectral phase is the traditional
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propagation phase ¢(!) = k,l. Using Eq. (3.5.0.20) we derive an expression for ¢

(w31 +Ap)(1+ X%))/?)l
C 7

oV ~ (3.6.0.2)

where ng) is the real part of Xg)- The second one is the generation phase, the initial

phase probe pulse acquires during the generation process. This is defined as
¢ = arg(x\), (3.6.0.3)

which is the phase of complex x{?).

Our main results presented below are due to the effect of ¢ on the group delay of the
generated probe pulse. To calculate the group delay to first order, we perform a Taylor

expansion of the phases ¢(!) and ¢(?) around A, = 0,

dpk)

A
oA,

Ap=0

_.|_
Ap=0

o (ke{1,2}). (3.6.0.4)

We identify the pertinent temporal quantities in the above expansion and classify them

as
1) l
0 _ 99 _ el (3.6.0.5)
08, 5
(1) an)
ng =1+ (1/2) Xk, +(1/2)=22R) gy, (3.6.0.6)
Ap=0 0A,
Ap=0
b)
o = 907 : (3.6.0.7)
08 |5 g

Substituting Egs. (3.6.0.2)-(3.6.0.7) in Eq. (3.5.0.21) we calculate the total group delay of
the generated probe pulse with respect to the reference pulse. This is done by comparing
the complex phases in Egs. (3.5.0.21) and (3.6.0.1). Thus the total group delay (7y) of

the generated probe pulse with respect to the reference is given by

T, =tW +t® — /e, (3.6.0.8)

In the above expression ¢! is the traditional group delay associated with c/ ng, the

group velocity of the pulse. On the other hand, t? is the group delay associated with
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the change of the generated probe initial phase with changing probe frequency. In the
subsequent paragraphs we analyse each of the t() and t®) contributions to the total group

delay for different number densities of atoms.

1.0 — N =10cm™3

0.8 — N =10%cm™3
0.6
0.4

0.2

102(t0M) —1/c)é

0.0

| L L L L LI N LI LI N N NN B B N R R

-0.21

Q2/’)’13

Figure 3.4: Group delay, due to the real part of linear susceptibility, as a function of microwave
amplitude, for Q. = 3.27y13, § = 0.3 x 10 Hz, 713 = 57 x 10 rad/s and [ = 1 cm.

There have been numerous studies on the group delay ¢ due to changes in group
velocity of an input pulse traversing a coherently prepared atomic medium [11, 12, 13, 14,
15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25]. Some of these studies focused on developing a
knob for changing the group velocity from subluminal to superluminal resulting in delay
or advancement respectively of the peak of an input pulse [18, 19, 20, 21, 22, 23, 24, 25].
These changes in group delay are due to the real part of linear susceptibility and are
number density-dependent as seen from Eq. (3.4.0.6).

To explicitly illustrate this density dependence, we show in Fig. 3.4 the group delay
due to Xg; as a function of Q) for two different number densities. For a density value
of N = 10% ecm™3 we see that the group delay changes from positive to negative as a
function of Qg because of subluminal to superluminal change in group velocity. However

by reducing the density by two orders to N' = 10° cm™ we observe not only that the

group delay remains practically constant with changing Qg, but also that its value is close
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to zero indicating that the group velocity of the pulse numerically approximates its value
in vacuum. Thus we note that any knob to change the value and sign of the group velocity

of a pulse which is density-dependent is unlikely to work for low-density samples.

In contrast to the heavy dependence of () —/c on N and [, the group delay due to
) is independent of Al, representing a density-independent group delay due to nonlinear
generation. Mathematically N is a prefactor to both the real and imaginary part of Xl(f)
(Eq. 3.4.0.5) and, since ¢(? is the argument of x{?), it is independent of A leading to ¢(?
also being N independent. The physical origin of ¢®) being independent of A/ is that this
is the phase associated with the generated probe field by the atoms during the generation
process. In the absence of atom-atom interaction this generation phase is independent of

the number density.

For the purpose of generation of few-photons we henceforth will work with low-density
samples. We show in our subsequent analysis how we can effect both an advancement
and a delay in the peak of a few-photon pulse through ¢®. The knob we use to change

the sign of ¢ is the intensity of the microwave pulse.

We fix the input optical pump field (£2.) to be 0.4v;3 with its beam diameter taken to
be 1 mm? and the spectral width of the input microwave pulse to be § = 0.3 x 10 Hz.

The total energy in the generated pulse is given by

E = (bh2/d2,) / ol Q8 (1 )P, (3.6.0.9)

—00

where b is the beam diameter. The number of photons in the pulse is estimated by
dividing the total energy (F) by the energy of the central frequency photon (Aws;). By this
procedure we find that a few-photon pulse is generated at the output for N' = 10¢ cm =3
and [ = 1 cm. For these N and I values, the group-delay contribution from (t() —[/c)

through linear susceptibility can be safely ignored as can be seen in Fig. 3.4.

This leads to minimising the effect of ng in Eq. (3.5.0.21), leading to the final gener-
ated probe profile as

% i(wsy + AR, [P [ei¢? gilwsi+Ap) (/=)
B0 :/ o £ S dA,, (3.6.0.10)

Kec

[e.e]
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and its group delay with respect to the reference
T, = t?. (3.6.0.11)

Now the group delay of the generated few-photon pulse with respect to the reference

pulse originates entirely from the generation phase ¢® and not due to any propagation

effect.
o4——————————F—————————————
- — Q) = 0.0047;3 -
0 020 — Qf = 2.4v1; 1
8 [ — -
= - _
D i I
S -0.2r -

o4 ..
- 0.4 - 0.2 0.0 0.2 0.4

Ap/'7’13

Figure 3.5: Generation phase as a function of the generated probe detuning, for Q. = 0.413,
N =10% ecm™3 and 713 = 57 x 106 rad/s.

As shown in Fig. 3.5 the atoms generate different frequencies of probe with different
initial phases and this phase profile clearly depends on Qg. We can see that the slope
around the A, = 0 value changes sign for two different ) values. As ¢ is the slope
of ¢ at A, =0, it is clear from Fig. 3.5 that one can use Qg as a handle to delay or
advance the generated probe pulse.

We will quantitatively estimate the group delay of the generated probe pulse through

changes in pump field intensities. We plot in Fig. 3.6, ¢(2

) as a function of Q). This plot
shows that Qg can be used as a knob for continuous tunability of t® resulting in delay or

advancement in peak of the pulse. Such a continuous tunability is also achievable through
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Figure 3.6: Group delay due to generation phase as function of the microwave amplitude, for
§ = 0.3 x 106 Hz, N = 105 cm ™3 and ;3 = 57 x 106 rad/s.

changes in (2.

The temporal shape of the generated pulse is governed by |x(?)| as seen in Eq. (3.6.0.10).
Our calculations show that the delayed and advanced probe pulse temporal width (stan-
dard deviation) in Figs. 3.7 and 3.8 is contracted by 79 % and 91 % respectively, with
respect to the input pulsed microwave. As can be seen, the higher value of Qg required
for advancement of the generated pulse shown in Fig. 3.8 results in increased temporal
distortion of the generated pulse. For higher microwave intensities the levels connected
by the microwave field suffer AC stark shift resulting in increased \Xf)] values away from
resonance. This effect in the frequency domain translates to the ringing effect in the time
domain.

The temporal profile of the generated probe pulse is obtained by numerical integration
of Eq. (3.6.0.10) and is shown in Figs. 3.7 and 3.8. These plots show a pulse delay of
0.5 us and a pulse advancement of 0.3 us respectively, for a change of Qg = 0.004v,3 to
Q) = 2.4m3 at N = 10° em™. To observe the same order of delay or advancement in
an input probe pulse through propagation effects, one requires a number density of the
order 10! em™3. Thus, by manipulating the generated phase profile even with very dilute

samples of atoms, comparable changes in group delay can be achieved.
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Figure 3.7: Delay of 0.5 us observed in the generated probe with respect to the reference,
for QY = 0.004v13, Q¢ = 0.4713, 6 = 0.3 x 10° Hz, y13 = 57 x 10° rad/s, N' = 10° cm™? and
[ =1 cm. The mean number of photon in the generated probe is 1.24. The generated probe
has been scaled by a factor of 10416. The parameters of the reference are Q¥ = 0.5y;3 and
o =2.4x 105 Hz.
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and o = 2.4 x 105 Hz.
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Figure 3.8: Advancement of 0.3 us observed in the generated probe with respect to the ref-
erence, for Qg = 2.4v3, Q. = 04713, 6 = 0.3 x 105 Hz, 13 = 57 x 10 rad/s, N/ = 10 cm 3
and | = 100 gm. The mean number of photon in the generated probe is 1.29. The generated
probe has been scaled by a factor of 75757. The parameters of the reference are Q¥ = 0.5v;3
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To see the effect of Doppler broadening on the group delay of the generated probe
pulse we have done a Doppler averaging of the Xg) susceptibility profile. We incorporate

Doppler broadening by defining the Doppler shifted detunings as
Ac(v) = Ac —wsav/c, Ap(v) = A, —wsiv/c, (3.6.0.12)

where v is the velocity of atom. We average XI()Q) using the Maxwell-Boltzmann velocity
distribution for room temperature 7T=300 K. This procedure leads to the Doppler averaged
t? using Eqs. (3.6.0.3) and (3.6.0.7) and is plotted in Fig. 3.9. It is clear from this figure
that even with room temperature atoms a microwave-intensity change acts as an effective
knob to convert a delayed pulse to an advanced pulse. However, this change happens
at a higher microwave intensity. For a temperature of 100 °C the microwave amplitude
required to change from delay to advancement is about 6 % more than what is required

at room temperature.

3

2F Delay

Advancement

2§
(=

Qg/’)’ls

Figure 3.9: Doppler averaged group delay due to generation phase as a function of microwave
amplitude, for y93 = 0.4v13, T=300 K, 6 = 0.3 x 105 Hz and 713 = 57 x 10° rad/s.

The repetition rate of the on-demand pulse with the ability to delay or advance the
peak depends on the bandwidth of the near-linear region around A, = 0 in Fig. 3.5. From

this figure it is clear that the bandwidth is of the order of a few MHz for our parameters
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and so the repetition rate of our generation also would be in the order of a few MHz.

Experimental realization of generation and group delay control of a few photon pulse
described above can be achieved. Generation of probe optical field with ®Rb atoms from
a sum frequency process between the coupling and microwave fields has already been
realized [34]

In order to show that the delay or advancement of the generated pulse is independent
of number density or length of the cell, the number density in a vapour cell could be
varied by changing the temperature or by using identical cells of varying vapour density

or cells with varying physical dimensions.

3.7 Conclusion

A scheme for on-demand generation of optical pulses and control of their group delay using
a hybrid second order-nonlinearity in an atomic A system is presented. An unexplored
regime of manipulating group delay arising from the initial phase of the generated pulse
is presented. We rigorously establish that this leads to density-independent group delays.
We show that the generated pulse can be delayed or advanced through change in intensity
of the input microwave field and discuss in detail the average photon number and temporal
shape of the generated pulse. Thus, our scheme can be exploited to generate and control
group delay of optical pulses with few photons using ultra-dilute samples with small spatial
dimensions. These results open a way for producing and manipulating group delays
with microscopic atomic systems that can be integrated in scalable platforms. All the
above features in combination with our hybrid nonlinearity will have a definitive impact
in introducing controllable delays in both classical and quantum information processing

channels which use both microwave and optical fields.
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Chapter 4

Simultaneous observation of six-wave

and three-wave mixing processes

4.1 Introduction

Nonlinear processes in a two-level atomic system, excited by a weak probe and a strong
pump, have been exhaustively studied for inducing parametric amplification and oscil-
lation in the probe waves [1, 2, 3, 4, 5, 6]. These processes capitalize on the existence
of four-wave parametric interactions, three-photon gain, and coherent population oscilla-
tions (CPO) in the presence of a transparency window in the probe’s absorption profile. A
large class of these experiments were performed at high-light intensities and were limited
to the observation of third-order nonlinear phenomena.

The emergence of electromagnetically induced transparency (EIT) has enabled the
experimental realization of higher-order nonlinear processes with low-light intensities in
atomic systems. By reducing linear absorption and simultaneously enhancing nonlinear
susceptibilities at atomic resonances, EIT has been responsible for numerous studies of
optical nonlinear processes in multi-level atomic systems [7, 8, 9, 10, 11]. The studies pri-
marily constitute observation of four-wave mixing (FWM) and six-wave mixing (SWM)
processes. Simultaneous observation of the FWM and SWM processes have also been
reported via dual EIT windows by spatially aligning the input beams in a square-box
pattern in a Y-type atomic system [12].

Nonlinear processes in atomic systems have also been utilized to interface microwave

and optical frequencies, a requirement for realizing quantum hybrid systems to trans-
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mit quantum signals. Assisted by EIT, coherent microwave-to-optical conversion has
been realized via an SWM process in cold Rydberg atoms [13] and via a three-wave
mixing (TWM) process in room-temperature three-level atoms [14]. Recently, a coher-
ent microwave-to-optical conversion of efficiency 8242% has been achieved in Rydberg
atoms [15] via off-resonant scattering. Opening up nonlinear channels in EIT systems
has also aided in achieving phase-insensitive amplification (PTA) [16] and phase-sensitive
amplification (PSA) [17, 18] of optical signals. Particularly, the realization of a microwave-
controlled phase-dependent amplifier [19], driven by a TWM process, has been utilized to
perform digital communication from the microwave to optical spectrum [20].

In this study, we experimentally investigate and theoretically analyze co-existing TWM
and SWM processes in room-temperature $Rb atoms. The scheme utilizes three hyper-
fine levels of the D1 manifold, cyclically connected by two co-propagating optical fields,
the probe and coupling field, and one microwave field as shown in Fig. 4.1. The pump
coupling field dresses the excited state (|3)) and the meta-stable (|2)) state causing EIT
for the weak probe. The microwave field connects the ground (|1)) and metastable levels.
By suitable detuning of the microwave or probe field from its resonance, the three-photon
resonance condition is broken, and CPO is induced in the system. This causes the TWM
and SWM processes to appear in distinct frequency channels simultaneously. The SWM
process grows exponentially with propagation distance due to its parametric coupling to
the input probe while the TWM process grows linearly due to the absence of parametric
coupling to the input probe field. Nevertheless, the simultaneous presence of EIT and
CPO greatly enhances the TWM and SWM processes by reducing the linear absorption
and enhancing the non-linear susceptibilities.

To the best of our knowledge, this is the first observation of the simultaneous gen-
eration of a near-infrared optical field through a TWM and SWM process in an atomic
system. The TWM process combines one electric dipole and one magnetic dipole tran-
sition while the SWM process combines three electric dipole and two magnetic dipole
transitions. The novel magneto-optical interaction between the electric and magnetic
dipoles, enhanced through a microwave cavity, breaks the centro-symmetry in our ther-
mally broadened atomic system and opens up the TWM and SWM channels. We have
theoretically analyzed the TWM and SWM phenomena and identified the requirement

of a broken three-photon resonance and the resulting CPO as being responsible for the
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5 25,9, F =2

Figure 4.1: Hyperfine energy levels of ®>Rb in the D1 manifold used in the experiment. The
detunings of probe field from |1) — |3) transition is denoted by é,. The detunings . and &,
represent coupling and microwave field detunings from |2) — |3) and |1) — |2) respectively. €2,
2. and €, are the Rabi frequencies of the probe, coupling, and microwave fields, respectively.
7ij denote the natural decay widths connecting |i) — |j) transition. The dotted green arrow
denotes the generated optical signal field.
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SWM process. The CPO oscillations are observed in real time to validate our theory.

Moreover, the nonlinear channels also offer the possibility to realize an amplifier op-
erating simultaneously in different regimes of linear amplification in distinct frequency
channels. The phase-dependent amplification (PDA) resulting from the TWM process
has been thoroughly analyzed in our previous manuscript [19]. Opening up the SWM
channel offers the possibility of achieving PTA and PSA simultaneously. Thus, the results
reported in this chapter substantially strengthen the versatility of the neutral atom-based
transducer in not only converting signals from the microwave to the optical domain but

also in aiding various types of amplification to be enabled on a single physical platform.

4.2 Experimental details

The experiment utilizes A configured three hyperfine energy levels in the D1 manifold

of the ®*Rb atoms. The coupling laser connecting the metastable state (|2)) and the ex-

Figure 4.2: Experimental Setup for simultaneous observation of TWM and SWM signals. Here
ECDL —External Cavity Diode Laser, MC —Microwave Cavity, MS —Microwave Source, SA
—Spectrum Analyzer, PD —Photo-Detector, EOM —Electro-Optic Modulator, AOM —Acusto
Optic Modulator, QWP —Quarter Wave Plate, M —Mirror, PBS —Polarising Beam Splitter,
BS —Beam Splitter, LO —Local Oscillator.
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Figure 4.3: A screenshot of the spectrum analyzer showing the simultaneous presence of both
SWM(left) and TWM(right) peaks in different frequency bins.

cited state (|3)), an electric-dipole transition, is derived from an External Cavity Diode
Laser (ECDL), tuned at 795 nm as shown in Fig. 4.2. The ground state (|1)) is con-
nected to the excited state, an electric-dipole transition, by a seed probe beam derived
from the coupling laser after passing through a phase-modulated Electro-Optic Modulator
(EOM). The EOM is driven by the microwave source (MS1). The metastable state and
the ground state, a magnetic-dipole transition, are coupled by a 3.035 GHz microwave
field derived from another microwave source (MS2). The presence of two optical fields
and one microwave field makes the system closed and cyclic (A). The Rubidium vapor
cell is kept inside a microwave cavity to enhance the magnetic dipole interaction between
the atoms and the microwave field. The frequency tunable microwave cavity is designed
to support the TEg;; mode with a quality factor of 9000 and a linewidth of 300 kHz. The
microwave is fed to the cavity, after passing through an amplifier providing 30 dB gain,
with a small loop antenna placed inside the cavity. By using two different microwave
sources to drive the EOM and cavity, we control the three-photon detuning by suitably

detuning the microwave or the probe field off-resonant.
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The generated TWM and SWM beams, co-propagating along with seed probe and
coupling beams, simultaneously exit the microwave cavity and fall on a high bandwidth
photo-detector. In order to resolve the generated signals from other co-propagating fields,
an optical heterodyning technique is used. The signals exiting the cavity mix with a lo-
cal oscillator (LO) beam, which is 120 MHz frequency detuned from the coupling beam.
The photo-detector output is now recorded in a spectrum analyzer, where the TWM and
SWM signals can be frequency resolved. The frequency-resolved TWM and SWM signals

appear as shown in Fig. 4.3 in the spectrum analyzer in distinct frequency channels.

4.3 Theoretical model

The experimental observation of the simultaneous TWM and SWM process in distinct fre-
quency channels, as shown in Fig. 4.3, is achieved by breaking the three-photon resonance.

The three-photon detuning ¢ is defined as,

03 = Wp — We — Wy, = 0p — 0¢ — O, (4.3.0.1)

where §;,7 € (p, ¢, 1) represents the single photon detuning from their respective energy

levels. w;),4j € (1,2,3),7 # j are the atomic resonances.

The frequencies at which the TWM (w3) and SWM (wg) signals are generated, can be

written as,

W3 = We + Wy, = wp — 03, (4.3.0.2)

we = 2(we + wy,) — wp = wp — 203, (4.3.0.3)

respectively.

For ¢, = 0, = 0, which is the case in our experiment, the TWM (ws) and SWM (ws)

signals generates at

W3 = W31, (4.3.0.4)

We = W31 — 5p7 (4305)
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and the probe is seeded at ws; + dp.

The TWM process absorbs one microwave photon and one coupling photon to gener-
ate a signal photon. The SWM process absorbs two microwave photons and two coupling
photons and emits one probe photon to generate a signal photon. Furthermore, as inferred
from Egs. (4.3.0.2) and (4.3.0.3), it is necessary to break the three-photon resonance to
distinguish the TWM and SWM processes in the frequency spectrum. In our experiment,

by changing ¢, using MS1 in Fig. 4.2, we introduce a non-zero 9s.

The TWM and SWM process can be traditionally described as a non-linear interaction
between the coupling, microwave, and probe fields, enabled by the hybrid Xl(f) and X1(>5)
non-linearity respectively. In contrast to the TWM process, the SWM process is always
accompanied by a probe photon emission, a consequence of the energy and momentum
conservation, represented by Eq. (4.3.0.3). As will be shown subsequently, the interplay
between the SWM and the probe field will have a significant effect on its propagation.

The SWM process and the probe photon emission can alternatively be viewed as a
result of CPO in the system. By breaking three-photon resonance, the medium’s response
at w, (due to the probe field) and at w. + w, (due to the coupling and microwave field)
is detuned causing CPO at the beat frequency d3. The populations can follow the beat
frequency if it is smaller than the decay rates of the transitions. The resulting CPO at 43
acts as modulators to the medium’s response at w.+w,, to create the sidebands w.+w,, £03.
The sidebands are, respectively, the SWM signal and probe photon generation. In our
system, the generated SWM signal takes part in another six-wave mixing process where the
probe field also gets generated. The energy conservation for the probe photon generation

can be described as

wp = 2(we +w,,) — we (4.3.0.6)

4.3.1 Derivation of CPO

From Eq. (3.4.0.4) we know the density matrix element can be written as

Ojk = U;Z)QCQM + J;i)Qpe_iA” + J§z)Q;eiA3T, (4.3.1.1)

where (j,k € {1,2,3}).
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The ground state population can be derived from the above equation and can be written

as
o011 = UQ)QCQ“ + Uﬁ)Qpe*m?’t + ag)Q;eiA‘"’t. (4.3.1.2)

But, as the population term is a real quantity, the 052) should be real. Also
oM = 5" (4.3.1.3)
as their associated terms are already conjugate to each other. Rewriting Eq. (4.3.1.2) as

711 = 01 Qe o1y Qple ) o o] o Bart e

= aﬁ”QCQM + 2]011]|Q2p]| cos (Ast + @1 + ¢2) (4.3.1.4)

where, ¢1,|o11| and ¢o, |2, are the phase and magnitude of Uﬁ) and (2, respectively.
From Eq. (4.3.1.4), we can see the ground state population oscillates around a steady
state value with a frequency equal to the three-photon detuning. This is called coherent

population oscillation(CPO), and the same can be derived for the other two levels.

4.3.2 Derivation of propagation equation

The growth of the SWM (Ag) and probe (A,) amplitudes, as it propagates through the
vapor cell, can be analyzed by using wave equation which is shown in Eq. (4.3.2.1).

PE(z,t) 19°E(z1) 0?P(z,1)

R T (4.32.1)

where E(z,t) is the electric field propagating in the medium and P(z,t) is the nonlinear

source term/polarization of the medium. We represent the source term in Eq. (4.3.2.1) as
P(z,t) = Py(z,t) + Ps(z,1), (4.3.2.2)

where
Py(z,t) = eoxV(w + 0) Ep(z,t) + €X' (w — 8) EZEL E, (4.3.2.3)
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and
Ps(z,t) = eoxV(w — 60) Eg(2,t) + eox (w + 5)E§E§E§ (4.3.2.4)

The P,(z,t) and Ps(z,t) are the nonlinear source terms for the seed probe and six wave
mixing process, respectively. FE;, E,, F, and Eg are the electric field of coupling, mi-
crowave, seed probe, and six-wave respectively. Here, d. = ¢, = 0 and 6, = J is the three

photon detuning. We have used w3; = w interchangeably.

If the nonlinear source term is not too large(which is indeed the case in our experi-

ment), the solution to Eq. (4.3.2.1) can take the form as described in Eq. (4.3.2.5)

Hei(kusz,ut) (4325)

where A;, where i € (p,6,c, ) are the field amplitudes of the respective electric fields.
k(9),k(=9), k. and k, are the propagation vectors for probe, six wave, coupling and mi-
crowave field respectively. § is the three photon detuning. Here A,(2) and Ag(z) are the
slowly varying functions of z.

We now substitute Eq. (4.3.2.5) in Eq. (4.3.2.3). After using Eq. 4.3.0.6, we then obtain

Py(z,1) = eV (w + 0) Ap(z)e FO)zmwrl)

+ oy O (w — 0) AZA2 A ()e!Chest ek (=02 gmiont (4.3.2.6)

where w, = w31 + 0.
As required by the nonlinear wave Eq. (4.3.2.1), the time and spatial derivatives of the

required quantity is given as follows:

02 P, (2, 1)

o0 = _W§EOX(1) (w + 5>Ap(z>ei(k(5)z—wpt)

—wgeox(5) (w— §)A§AiAg(z)ei(%“”k“%k(*é)z)e*i“pt (4.3.2.7)
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similarly,

2
FEp(zt) _ —wr A (2)e!FO)zmwrt) (4.3.2.8)

and

O°E (27t> " i z—w ; i Z—w
TEAET) _ gy ()it 1 k() i)

— k(0)2A,(2)e!FO)zmwrl) (4.3.2.9)

We substitute Eq. (4.3.2.7 - 4.3.2.9) in Eq. (4.3.2.1). we get

(Ap(2) + 2ik(8) Ap(2) — k(8)* Ap(z))e! K=t

_w2Ap(Z)ei(k(5)z—wpt)

= p = + uo(—w§60x(1)(w + 5)Ap<z)ei(k(6)z—wpt)

—w 6OX( ( 5)A2A2A*( ) i(2kc 242k z—k(— é)z)e—iwpt) (43210)

now cancelling e~*»? from both the sides, the Eq. (4.3.2.10) becomes

2A()

AL (2) + 2ik(6) A — k(6)*Ap(2) = + po(—wleox W (w + 8) Ap(2)

W €0X(5)(w . 5)A2A2A*( ) i(2kc 242k z—k(— 5)z—k(§)z)) (43211)

It is quite acceptable to drop the first term on the left-hand side of Eq. (4.3.2.11) as it
is very small compared to the second term. This approximation is called slowly varying

amplitude approximation and is valid when

524,(2) 94, (2)
4.3.2.12
022 < ‘k’(é) 0z (43 )
After approximating and using
214+ xD(w+4
(LX) a5y = k2(0) (4.3.2.13)

c2
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the Eq. (4.3.2.11) becomes

04p(2) _ iwix ) (w — 0)AZA2 Jrave
0z 2¢2k(9) 6

where

Ak = 2(ke + k) — k(—0) — k(5)

is called the phase mismatch.

(4.3.2.14)

(4.3.2.15)

In a similar way, we can derive the wave equation for the source term Pg(z,t). After

substituting Eq. (4.3.2.5) in Eq. (4.3.2.4), we obtain

P6(Z7 t) = EOX(I) (w o 5>A6(Z>ei(k(f6)z7w6t)

+eox®) (w + 8) AZAZ A% (z)e! Rhext Hhuz—h(9)2) oot

where wg = ws; — 0.

Now taking the double time derivative of the above equation, we get

0?Ps(2,1 (82—
86152 ) —wgeox M (w — 8) Ag(z)e! KDzt

_W§€Ox(5) (w + 5>A3A2A;(Z)ei(2kcz+2kusz(5)z)efiwﬁt

similarly,

62E6(z,t) i(k(—=6)z—w
PEA) _ g9

and

= A6 (Z)ei(k(*S)szat) + 2Z'k(5>A’661'(k(75)Z7w6t)

. k,(_5)2A6(z)ei(k(75)sz6t)
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(4.3.2.17)

(4.3.2.18)

(4.3.2.19)



Putting Eq. (4.3.2.17 - 4.3.2.19) in Maxwell’s Eq. (4.3.2.1), we get

A’G’(Z)ei(k(—é)z—wet) + 2ik(—5)A/6€i(k(_6)z_w6t) . ]{( 5)2146( ) (=8)2—wet)

W2 A2 ei(k(fé)szgt) e
_ _ 6 6( ) 5 +M0(—W260X(1)(W - 5)A6(z)ez(k( 0)z—wet)
— waeox ™ (w + ) AZAL A% (z)e!Phemt2huzmh(0)2) g it (4.3.2.20)

ctuttp

now cancelling e=s* from both the sides, the equation becomes

7 . ’ A
Ag(2) + 2ik(—0)Ag — k(—0)*As(2) = 6( >+uo( wieoxW(w — 0) Ag(2)
— wieoX P (w + 0) AZAL A (2)e!Phezt2huz=h(0)z=h(=0)2)) (4.3.2.21)

By invoking SVAA(Eq. (4.3.2.12)) for Ag(z), the Ag(2) term can be ignored and using

wi (1 +xW(w —9))
CQ

=k*(—6) = k*(w — 0) (4.3.2.22)

Eq. (4.3.2.41) can be written as

8A6(Z) . ZWGX (w + (S)A?:AZA* iAkz
0z 2c2k(—=9)

i(w =0 X (w +0)A2AT | ke
2 (D) L Ase S (4.3.2.23)

where Ak is defined as in Eq. (4.3.2.15).

The Eq. (4.3.2.14) and Eq. (4.3.2.23) in the phase matched(Ak = 0) condition can be

simplified as

0A, .

o = 0(=0)4; (4.3.2.24)
3A6 . %

5 = @(5)Ap (4.3.2.25)



where,

i(wsy — 0)*x P (0)AZA2
4.3.2.2
2 (— )2 (43.2.26)

0(0) =

We differentiate Eq. (4.3.2.24) and Eq. (4.3.2.25) with respect to z and placed the complex

conjugate of Eq. (4.3.2.25) and Eq. (4.3.2.24) respectively to eliminate Baﬁ and agi; from

z

the right-hand side. We then obtain

A
82219 = a’A, (4.3.2.27)
P?As
52 =0 A (4.3.2.28)
Where,
o = O(=9§)0*(9) (4.3.2.29)

Now, the solutions of the above differential Eqs.(4.3.2.27, 4.3.2.28) in the undepleted

approximation of the coupling (A.) and microwave (A,) fields is given by

Ay(z) = ue™ +ve ** (4.3.2.30)

Ag(2) = xe* " 4 ye '* (4.3.2.31)

where u,v,x and y are the constants to be identified using boundary conditions. Using

boundary conditions as

Ay (z=0) = A,(0) (4.3.2.32)
and, Ag(z=0)=0 (4.3.2.33)
We get
A,(0) =u+v (4.3.2.34)
0=x+y (4.3.2.35)
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Also from Eq. (4.3.2.30)

0A,
0z

= uae™ — vae™ ¥ (4.3.2.36)

Substituting Eq. (4.3.2.36) and Eq. (4.3.2.31) in Eq. (4.3.2.24) and using boundary con-

ditions, we obtain
uae® — vae ¥ = O(—0)x" (e — e ) (4.3.2.37)

A0 A0
ana x° = 2@(—5)

After solving the above equation, we get u = v =

But § < w3 as frequency of wy3 is in THz as compared to that of ¢ which is in kHz.

So, ©(J) can be written as

i 9 (6) 4242

00~ = e

(4.3.2.38)

From Kramers-Kronig relation y"(§) = —x® (=4§). Also, it is assumed that k,(6) is

real and is equal to k,(—d) as [x{V] is very small.

Using above conditions ©*(9) can be written as ©*(J) = O(—9). Now a can be

simplified as
a = O(=8) = 6°(5) (4.3.2.39)

The solutions of the coupled differential Eq. (4.3.2.24) and Eq. (4.3.2.25) can be obtained
after substituting Eq. (4.3.2.39) in the Eq. (4.3.2.30) which are

A, = A,(0) cosh (©(—6)z) (4.3.2.40)

Ag = A%(0) sinh (O(6)2) (4.3.2.41)

respectively.

In contrast to the exponential growth of the SWM with distance (Eq. (4.3.2.41)), the
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TWM grows linearly with the above approximations as [19],

iwixPzAA,

A
3 2k, c?

(4.3.2.42)

The exponential growth of Ag with sample length justifies its efficient generation,
despite involving two magnetic-dipole transitions. Physically, the exponential growth can
be illustrated by two factors. First, the generated Ag can reinforce A, by acting as a
seed probe in yet another SWM process. The reinforced A, in turn, builds up As at
an increased rate than previously. This results in parametric coupling between the input
probe field (A,) and the SWM signal (Ag), represented by Eq. (4.3.2.24) and Eq. (4.3.2.25).
Second, the generation of the SWM signal when it acts as a seed to generate the probe field
also contributes to the exponential growth. The absence of these parametric interactions
in the TWM process leads to its linear growth. Nevertheless, the simultaneous presence
of EIT and CPO greatly enhances the TWM and SWM process by reducing the linear

absorption and enhancing the non-linear susceptibilities.

4.4 Results and discussions

Several features in this work are different from previous observations. Firstly, the TWM
and SWM processes, co-propagating with the input fields, are easily distinguished in the
frequency spectrum by breaking the three-photon resonance. This eliminates the need to
align the input optical beams in a specific spatial geometry to separate out the nonlinearly
generated beams [11, 12]. Additionally, the co-propagation of the input optical beams,
which are very close in wavelength, also ensures a simultaneous natural wave-vector phase
matching for both the nonlinear processes.

Secondly, the simultaneous generation of the TWM and SWM signals opens up the
possibility to convert quantum information from microwave to optical in distinct fre-
quency channels simultaneously. Together, the TWM and SWM channels can simultane-
ously perform phase-dependent [19], phase-sensitive and phase-insensitive amplification
of the probe signal. Thus, the simultaneous presence of these two channels can be used
to realize a microwave-controlled optical amplifier operating in different regimes of linear
amplification [21]. In the following discussions, we examine the TWM and SWM pro-

cess’s dependence on the pump coupling field and the idler microwave field. In
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Figure 4.4: Normalized signal of (a)SWM and (b)TWM as a function of EOM source power.
With increasing EOM source power the seed probe power increases. The experiment is done
for a microwave power of 1 Watt and total optical pump power of 100uW. Here §3 = 200kHz .
All data are normalized with respect to the first data point of the generated three-wave signal
(TWM).
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entering in to the microwave cavity. Here d3 = 200kHz and microwave power is 1 watt. All data
are normalized with respect to the first data point of the generated three wave signal (TWM).

Fig. 4.4(a), we observe SWM signal power’s linear dependence on the input probe power,
a consequence of Eq. (4.3.2.41). The probe power in the experiment never reaches the

power required to saturate the transition resulting in the absence of saturation region in
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Figure 4.6: Normalized signal of (a)SWM and (b)TWM as a function of input microwave
power. Here d3 = 200kHz and optical power is 100 uW All data are normalized with respect to
the first data point of the generated three-wave signal (TWM).

Fig. 4.4. In Fig. 4.4(b) we observe a slight decrease in the amplitude of TWM as a func-
tion of probe power. Strictly speaking, from Eq. (4.3.2.42), TWM should be independent
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are observed to be the same as predicted by Eq. (4.3.0.3)

of the probe power as it requires only the coupling and microwave fields for its generation.

But, since, the probe field is derived from the coupling field through an EOM, an increase
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in probe power would result in a decrease in coupling power which in turn decreases the
TWM signal as seen in Fig. 4.4(b).

In Figs. (4.5,4.6), we have plotted the dependence of the TWM and SWM processes
on the powers of the pump coupling field and idler microwave field respectively. Both

these pairs of plots have an initial linear growth of the TWM and SWM signal powers,
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with an increase in pump coupling power and idler microwave power. We also see in both
these plots that the signal optical probe generation saturates beyond the threshold power
of the pump coupling field and the microwave idler field.

In Fig. 4.7, we observe the SWM signal’s perfect linear dependence on probe detuning
and microwave detuning with slopes -1 and 2, respectively. This is a consequence of
Eq. (4.3.0.3) and it is a signature of coherent generation due to the underlying nonlinear
conversion process.

As discussed earlier, the SWM signal generation can be understood as resulting from
modulation of the TWM process whenever the three-photon condition is broken. In the
absence of three-photon resonance, these modulations result in population modulations
in all three levels in the A system resulting in CPO. In our experiment, we observe these
CPO oscillations, in the time domain of our spectrum analyzer, in populations of the level
connected by the probe laser. As predicted from our theoretical model, the frequency of
the CPO is equal to the three-photon detuning, as shown in Figs. 4.8(a,b,c). In Fig.
4.8(d), we observe CPO’s dependence on three-photon detuning. The contrast of the
CPO decreases with increasing three-photon detuning, an indication that the populations

are unable to follow the increasing beat frequency.

4.5 Conclusions.

In this work we experimentally observe for the first time, the simultaneous production
of a three-wave (TWM) and a six-wave (SWM) mixing signal, from a room temperature
collection of ®Rb atoms. Both the TWM and SWM signals generate an optical signal
field from a microwave idler field and thus act as a dual-frequency transducer connecting
microwave and optical frequencies. The very few number of interacting beams and the
simplicity of their geometrical arrangement required to generate these signals make our
system a robust platform for microwave-to-optical conversion. Thus our system, which
is a traditional quantum memory system [22], can also act as a wavelength division mul-
tiplexer (WDM) distributing quantum information in the microwave domain to several
frequencies in the optical domain. In addition, we have given a theoretical model for the
SWM generation in terms of coherent population oscillations (CPO). These oscillations

are experimentally observed in real-time validating the theoretical model. As a future
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application, we can show through our theoretical model that the generation of TWM,

SWM and probe signal fields make our system an amplifier that can potentially show

PDA, PSA [21] and PIA types of amplification in a single physical system.
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Chapter 5

Summary and future work

5.1 Summary

The problems discussed in this thesis concern the creation of a neutral atom-based plat-
form that not only up-converts microwave signal into optical signal but also acts as an
antenna to send and receive information signal. We have chosen three hyperfine atomic
level strategies in the D1 manifold of 8 Rb atoms at room temperature that are connected
with microwave and optical fields to accomplish this. With the help of this approach,
the atomic system becomes a microwave-to-optical transducer, a radio-over-fibre device
with atoms as an antenna. Additionally, this atomic A system has the ability to delay
or advance an optical pulse, the latency of which can be controlled by the intensity of a

microwave field.

The first experimental work in this thesis reports a dilute sample of ®*Rb atoms that
can be used as an antenna for signal communication. The connection of two optical
fields along with one microwave field with the appropriate atomic energy levels makes
the system closed. This cyclic closed interaction enables the system phase-dependent and
as a result, the intensity of the generated optical field can be controlled by the phase
of the microwave field. The information is encoded in the phase of the microwave field,
which then up-converts to an optical field by the process of three-wave mixing through
hybrid second-order nonlinearity. The demodulation of information happens by detecting
the generated optical field with a photodetector. We explored both BPSK and C-4PSK
protocols for the communication of information signals. We have measured the correlation

coefficient between the demodulated data with an ideal template and established a viable
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symbol bandwidth up to 1 MHz. We have also shown that communication can happen
faithfully even by detuning the microwave field up to 15 MHz, which shows the tunability
of the carrier wave. This phase-dependent atomic platform has inherent features of signal
demodulation, radio-to-optical conversion, and amplification. The ground states used in
the scheme are spin states, which makes our scheme a strong candidate for applications
involving communication and memory states of quantum signals.

In the second chapter we have explored a theoretical model that explains the nonlin-
ear interaction between a CW laser field with a microwave pulse in the presence of dilute
atomic vapor. By using the hybrid second-order nonlinearity possessed by the atom, the
microwave pulse gets up-converted to an optical pulse through sum frequency generation
in the presence of a coupling optical field. The prime result of this study is, the abso-
lute phase of the nonlinearity can be controlled by the intensity of the microwave field
or the coupling field. This feature gives a handle to control the delay or advancement
of the generated optical pulse inside the atomic medium. Moreover, this second-order
nonlinearity-assisted delay is atom number density-independent. As the optical pulse is
generated through a sum frequency process, it can be made on-demand by switching any
one of the input pump fields (coupling optical field or microwave pulse). All These features
make the system a platform for a pulse on demand whose arrival time can be tuned.

In the next study, we have both experimentally and theoretically investigated the
simultaneous generation of both TWM and SWM processes in the same atomic system.
The breaking of three-photon resonance plays a major role in order to separate and observe
both the generation process distinctly. It also aids in CPO in all three energy levels.
The generation of two optical fields from a microwave field makes the system an atomic

multiplexer as it opens dual channels for microwave-to-optical conversion.

5.2 Future work

Various future possibilities can be made feasible by the work provided in this thesis. This
section addresses a few of them.

The implementation of BPSK and C-4PSK is shown in Chapter 2 using room temper-
ature atoms. BPSK uses one bit, whereas C-4PSK uses 2 bits to encode data. By using

better contrast in the optical intensity, one can use 3 bits or higher to encode information.
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This will result in a higher data rate. Also, by quantifying the number of thermal photons
that get up-converted to optical photons in this room-temperature-based radio-over-fiber
device, the noise figure can be measured, which will decide the performance of this atomic
receiver.

The atomic A system discussed in this thesis can be used as a bidirectional converter.
By using the optical probe and coupling field, the microwave field at their difference
frequency can be generated. This will help in manipulating optically transmitted data
at microwave frequencies after down-conversion. A similar approach of microwave emis-
sion [1] from the atomic ground states is also reported.

The three-level atomic system addressed in the thesis can be a platform for phase-
dependent amplification [2], phase-insensitive amplification, and phase-sensitive amplifi-
cation processes. The presence of another optical probe field exactly at the generated
six-wave signal frequency will create phase-sensitive amplification [3] of the probe field.
Since the ground states in this atomic system are spin states, quantum information can

be stored in them.
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Chapter 6

Appendix

By using the perturbative expansion given by Eq. (3.4.0.4), we can expand all the density
matrix elements as given below. By looking at the coefficients of (2.2, (three-wave mixing

term) and €, (linear propagation term) we can infer that our quantity of interest are aé?)

and o) as they are proportional to x? and x{V. The o

represents a higher order
wave mixing term. we can also see this by back converting ¢ matrix into p matrix and
comparing it with Eq. (3.4.0.2). We have eliminated the ¢, term in the equations as it

will not play any role in solving them.

033 = o—§§) 0.0, + 0';%) Qpe_iA3t + aé?Q;eiA“

O92 = Uég)QcQu + Uéé)QpeiiAﬁ + Ugg)Q;eiAgt

O3 = a§g) 0.0, + O’é? Qpe_iA"*t + aég)Q;eiAi*t (
031 = ag)QCQH + Oéi)Qpe_iA:”t + Uﬁ)Q;eiASt (6.0.0.1d
go1 = 090, + 05 Qe 189 4 gf) QiR (6.0.0.1e
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The five density matrix equations are

033 = Q023 + e P o1y — iQ03s — i 31 — 2(Y13 + Y23)033 (6.0.0.2a)
092 = IS0 039 + 182,019 — 1Qc023 — 125,091 + 2723033 — 2712022 (6.0.0.2b)
039 = —7Y039 + iQpe_iA3t012 + Qe (099 — 033) — 0,031 (6.0.0.2¢)
031 = —qog + iQpe*mStan + Q091 — iQpe*m?’tagg — 1£2,039 (6.0.0.2d)
091 = —foo — z'Qpe_m3t023 + Q5031 +1Q,011 — Q2,00 (6.0.0.2¢)

To make it simpler, we have rewritten the Eq. (6.0.0.1) as

031 = af).As + pre—iA3t + CQ;;eiAgt (
= Ay D O 6003
030 = h. A3 + ]Qpe*iﬁst + IQ;em3t
o33 = jQA3 + ke 4 yQre't

099 = QA5 + mee_iA3t + zﬂ;emi‘t (6.0.0.3e

As we are looking for steady-state solutions, all these 15 variables are constant in time.

Now substituting Eq. (6.0.0.3a) in Eq. (6.0.0.2d) and eliminating Q2 terms we get

’iCAgQ:;@iAS — ibAg,Qpe’iA‘"’
= —aa — abQue "% 4 idQ, — 2ijQ e 0
— ilQpe R 1 inQ Qe A 4 Qe A
— acC e’ + i Qe 4+ (—i)hQu — il QuQpe

— i Quede (6.0.0.4)

In a similar way, we will get the other four equations for the remaining four density matrix

equations.
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Now, comparing the coefficients of 1,€2,, and QF from both the side of the above

Eq. (6.0.0.4), we obtain

0= —aa +id — ik (6.0.0.5)
CibAg = —ab — il — 2if — il + inS + i (6.0.0.6)
icAg = —ac +ifQ. — iz, (6.0.0.7)

Following the steps shown above, we will get 15 such equations (three equations for each
density matrix equation). Since all these 15 variables are complex quantities, it is better

to split the variables into real and imaginary parts as

a = a + iasy (6.0.0.8a
b= by + iby (6.0.0.8b
c=c; +icy (6.0.0.8¢
d=d; +idy (6.0.0.8d
f=h+if (6.0.0.8¢
h=hy + ihy (6.0.0.8f

I =15+l

)
)
)
)
)
)
( )
§ =1+ i (6.0.0.8h)
k= ki + ik (6.0.0.8i)
[ =1, +ily (6.0.0.8j)
m=my +imy (6.0.0.8K)
n=nj+ ing (6.0.0.81)
r =21 + 1% (6.0.0.8m)
Y =1+ iy (6.0.0.8n)
)

z2 =21+ 129 (6.0.0.80

After substituting the fifteen variables with their real and imaginary parts, we will get
thirty linear equations. Now, we can equate the real and imaginary parts from both
sides of each equation. After solving these thirty equations, we will get the value of “a”

(Uég)) and “b” (a:(ﬁ)) which will give us the susceptibility after multiplying the appropriate

101



prefactor as shown in Eq. (3.4.0.5) and in Eq. (3.4.0.6). In solving equations we have

assumed Rabi frequencies of all the fields are real without any loss of generality.
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