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SUMMARY

The radio frequency to the far-infrared regime of the electromagnetic spectrum plays
a crucial role in developing technologies for communication, the environment, health-
care, astronomy, and entertainment industries. Conventional electric field sensing
involves calibrated dipole probes and antennas for electric field measurements. There
are resonantly enhanced detectors which also need to be calibrated. Hence, the need
for calibration and the inability to detect fields smaller than mV /cm range with cal-
ibration free detectors limits the use of these electromagnetic probes in modern
technologies. On the other hand, the atom-based sensors are self-calibrated owing
to their universal properties and can detect a field of the order of ©V/cm.

This thesis aims to explore microwave field sensing with Rydberg atoms in ther-
mal rubidium vapor. Transitions between Rydberg states span from less than a MHz
to THz, allowing a wide operating frequency range. Large dipole moments and large
polarizability makes the Rydberg atoms prone to even weak external electric fields.
The usual all optical detection of Rydberg states is achieved through electromag-
netically induced transparency (EIT). When the applied microwave field is strong
enough to dress the Rydberg state, splitting in the EIT peak is observed. The extent
of the splitting gives a measure of the strength of the electric field experienced by
the atoms. The modulation bandwidth in these systems is limited to a few MHz.
This limitation is because of the optical pumping rate to the EIT dark state. The
six-wave mixing of optical and microwave fields in thermal atomic vapor leads to
the parametric generation of a new optical field, which is expected to be an instan-
taneous process, limited by the available coupling Rabi frequency.. The generated
field is along the direction of the probe field, resulting in an interference beat signal.
The generation bandwidth has an FWHM ~ 17 MHz. The temporal response of

the system is investigated by amplitude modulation of the generated field, and it



SUMMARY xXVii

is observed that the bandwidth of the modulation spectrum matches perfectly with
the beat spectrum bandwidth, both limited by available coupling Rabi frequency.
The modulation spectrum bandwidth determines the temporal response of the sys-
tem. Hence, the effect of coupling Rabi frequency on the beat spectrum bandwidth
is explored theoretically. With increased coupling Rabi frequency, the bandwidth
of the beat spectrum increases for off-resonance conditions. The sensitivity of the

detected electric field is given ]\3/”%, where E,,;, is the minimum detectable electric

field dictated by the linewidth of the EIT signal, which is nearly 3-4 MHz for the
two-photon EIT process. A theoretical study is performed for four-photon excita-
tion to the Rydberg state. The motion-induced dephasing can be eliminated in such
a system. It is observed that an EIT transparency of nearly 100% is achieved with
zero residual wave-vector. It is not easy to achieve this condition using two-photon
excitation processes in alkali atoms. Whereas the Doppler-free condition can be
achieved under suitable conditions and beam geometry for the four-photon excita-
tion process. An experiment is proposed with rubidium to study the four-photon
excitation to the Rydberg state. The laser beams are arranged such that they make
small angles with respect to the horizontal axis of the rubidium vapor cell to reduce
the residual wave vector to zero. This leads to the elimination of the motion-induced
dephasing in the system. The microwave field sensing using two-photon Rydberg
EIT is compared with the field sensing through a four-photon excitation process by
evaluating the minimum detectable field for both cases with similar parameters. For
optimal parameters and laser geometry, a narrow EIT linewidth of 230 kHz can be
achieved, resulting in the total sensitivity of microwave field detection to be ~ 55
nV em~! Hz'/2. Lastly, an experimental design is proposed to perform microwave

field sensing using the four-photon excitation process.
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Chapter 1

Introduction

1.1 Atom-based sensors

Atomic spectroscopy lays the foundation for many precise measurements of physical
quantities. Due to the invariance of the atomic properties over time, they act as
an accurate detection method for various applications. The spectroscopic signals of
atomic transitions are affected due to external perturbations such as the presence
of electromagnetic fields. Atom-based measurements are being used to set the time
and frequency standards [1-5], length standards [6], measure electric fields [7-12],
magnetic fields [13-18], and gravity [19], inertia and rotation. These sensors can
either be prepared by using room temperature atoms in a vapor cell [7], or laser
cooled atoms through optical and magnetic fields [17]. The room temperature vapor
cell experiments are comparatively easier to realize and implement for quantum

device purposes.

1.2 Conventional vs. atom-based E-field sensing

Many scientific queries in communication technology, healthcare, weather, astron-
omy, electronic devices, etc., need to be answered over a wide frequency range from

radio frequency (RF) to far-infrared (FI) regime. This requires precise measure-
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ment of the electric field strength. The conventional electric field sensing method
involves using dipole antennas or electromagnetic probes [20-22]. The probe can
be visualized as a diode placed across a dipole antenna. Calibrating these probes
is difficult as they need to be placed in a known field. In order to have a known
field, a calibrated probe is necessary. The uncertainties in the measurement of the
known field are nearly 5 % [23]. The probes are used below the resonant frequency
of the dipole to avoid the issues of perturbation and variations in the response at
resonance. The size of the probe is limited by the electronics and the size of the

dipole antenna. There are various limitations to using such probes, such as:

e The probes need to be calibrated over time.

e The metallic nature of the probe can perturb the measurement of the electric

field.

e The sensitivity of the measured electric field depends on the length of the

dipole used as long as no resonant enhancement is used.

e The minimum detectable field is of the order of 1 mV/cm, which limits the

sensitivity [24].

The research community targeted to make the measurements directly traceable to
ST units and fundamental physical constants to avoid discrepancy [23, 25]. From the
atomic transition frequencies, the frequency of the electromagnetic field interacting
with the atoms can be determined precisely and accurately. Frequency can be
related to other physical quantities through fundamental constants. Hence, the
atom-based methods can provide a precise measurement of the physical quantities.
The advantages of atom-based sensing methods over the conventional techniques are

listed below:

e The atomic systems are self-calibrating; do not need to be calibrated as the

atomic properties do not change over time.

e The perturbation is very little as the probe is very small compared to the

wavelength of the electromagnetic field.
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e The atom-based measurements link the different physical quantities to each

other through fundamental constants and can be traced to SI units.

e The sensitivity is very high with low field strengths of the order of 1 pV/cm
[26].

e The atomic systems provide the advantage of measuring fields over a wide

frequency range from MHz to THz.

1.3 Review of Rydberg atom-based E-field sens-
ing

Rydberg atom-based microwave field sensing was realized using highly excited Ry-
dberg atoms contained in a vapor cell [7]. These highly excited Rydberg atoms [27]
allow a wide range of transition frequencies which can be achieved using diode lasers.
Electromagnetically induced transparency (EIT) [28, 29] provides a non-destructive
approach to detect these Rydberg states [30]. EIT results in probe transmission
around resonance, rather than absorption, within a narrow frequency range. This
happens due to destructive interference of the excitation pathways: (a) direct probe
absorption and (b) probe absorption along with the coherent excitation and de-
excitation by the coupling beam. Several studies have been performed to develop
an atomic probe for sensing electric fields using Rydberg EIT. With their large
atomic dipole moment, the Rydberg atoms allow free space efficient coupling of mi-
crowave and THz fields to optical fields [7, 8, 31] without the need for any optical
cavity. In contrast, most systems need cavities to enhance the coupling of microwave
fields to optical fields [32-34]. The coupling of microwave and THz fields to optical
fields leads to various applications such as sub-wavelength imaging [35, 36], detec-
tion of millimeter waves [37], storing quantum information [38], transfer of quantum
states from microwave to optical domain [39], THz imaging [31], etc. Presence of

the microwave field leads to the splitting of the EIT peak or absorption within the
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transmission window, which is also a quantum interference process. As frequencies
can be measured precisely through atomic transitions, measuring the splitting of
the EIT peak provides an accurate measurement of the electric field strength of the
microwave field. The minimum detectable field amplitude with Rydberg EIT, using
a two-photon excitation process, is 8 1V /cm with a sensitivity of 30 gVem ™' Hz /2
[7]. This sensitivity was improved to 5 yVem™'Hz~!/2 with the minimum detectable

field of 1 1V /cm using a homodyne detection method [26].

1.4 Motivation to study microwave field sensing
with Rydberg atoms in thermal vapor

The field of microwave sensing using Rydberg atoms has developed exponentially
over the decade and offers vast prospects for data communication technology. Several
companies have been founded to make use of these methods. Usual microwave field
sensing involves the usual two-photon excitation process to the Rydberg state with
a probe and coupling field to achieve EIT. The Rydberg state is then coupled to
another nearby Rydberg state with a microwave field. Two major limitations exist in
the RF electric field sensing using the two-photon Rydberg-EIT method. The first
one is that the signal bandwidth or the modulation bandwidth determined from
amplitude/frequency /phase modulation of the microwave field is limited to only a
few MHz [40-42]. This limitation is set by the optical pumping rate to the EIT dark
state, which depends on the coupling field Rabi frequency and natural line-width
of the intermediate state, which is 6 MHz for rubidium. The other limitation is
that the sensitivity of the detected electric field is limited by the linewidth of the
EIT signal, which is typically a few MHz [43], let’s say about 3-4 MHz, for the two-
photon Rydberg excitation process. The modulation bandwidth helps to determine
the temporal response a system. The limitation in the signal bandwidth served as a
motivation to develop a plan which can have a larger bandwidth and hence, a faster

data transfer rate. Also, the need to create a system with higher sensitivity to detect
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electric fields provided an investigation direction for the thesis. Also, the thermal
vapor systems are easier to execute for application purposes than the cold atomic
systems with bulky metallic setups which can perturb the microwave fields. Hence,

electric field sensing in thermal vapor system are beneficial for practical applications.

1.5 Contribution of the thesis to the field of mi-
crowave field sensing and data communication

technology

This thesis work is focused on sensing microwave fields using Rydberg atoms in
thermal atomic vapor.

(A) As an introduction to this research field, this thesis provides an overview of the
study of microwave field sensing with Rydberg atoms in thermal atomic vapor using

a two-photon Rydberg EIT system.

e Experiments have been performed to demonstrate the field sensing using two-

photon excitation processes, and a theoretical model has been provided.

e Analog communication has been demonstrated using the two-photon Rydberg

EIT system.

(B) The thesis also presents a six-wave mixing of optical and microwave fields in

thermal atomic vapor.

e The demonstrated six-wave mixing process leads to a parametric generation

of a new optical field with a generation bandwidth of 17 MHz.

e A theoretical model is provided to understand the experimental results. The
optical Bloch equations are solved using a perturbative expansion of the den-
sity matrix, and also, the wave propagation equations are solved for the gen-

erated field.
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e The temporal response of the system is explored through amplitude modula-
tion of the generated fields. The system shows a modulation bandwidth, same
as the signal generation bandwidth, limited by the available coupling Rabi

frequency rather than any fundamental limitation.

e A theoretical study is performed to understand that the bandwidth can be
increased significantly with the increase in coupling Rabi frequency without

compromising the efficiency of the sensor.

e This system offers a huge technological advantage of faster data transfer rate
for communication technology. Also, it is a thermal vapor system. Executing
such systems to quantum devices is much easier compared to complex ultra-

cold atomic systems.

(C) Further studies in the thesis involve the theoretical study of the four-photon

excitation process to the Rydberg state.

e A theoretical model of four-photon excitation to the Rydberg state is provided.

e The elimination of motion-induced dephasing is achieved through the use of
lasers of suitable wavelength and arranging the laser fields properly through

the atomic vapor cell.

e The four-photon process helps to achieve a narrow electromagnetically in-
duced transparency (EIT) signal with transparency of ~ 0.9 by eliminating

the motion-induced dephasing in the system.

e An experimental proposal is provided for performing the four-photon excita-

tion to the Rydberg state in thermal rubidium vapor.

(D) A theoretical study on microwave field sensing is performed using the four-

photon excitation process to the Rydberg state.

e With suitable parameters, the four-photon process helps achieve a narrow
line-width electromagnetically induced transparency (EIT) signal with a band-

width of 230 kHz.
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e [t provides a higher sensitivity of detected electric field, which is of the order
of ~ 55 nVem ™ 'Hz /2,

e Designing of the experiment is discussed briefly.

1.6 Layout of the thesis

The thesis consists of six chapters, including the introduction chapter and excluding

the appendix section. The layout of the thesis is provided below.

e Chapter 2 gives an introduction to a special class of atoms known as Rydberg
atoms and its various properties. It includes the basics of atom-light interaction,
where the atomic model of two-level and three-level systems is discussed. The three-
level system is used to explain the phenomenon of EIT. Since the experiments in
the thesis involve the use of the rubidium atomic system, the energy levels of the
rubidium system are discussed. Finally, the techniques to stabilize the frequency of

the probe and coupling laser fields are presented.

e Chapter 3 provides an introduction to Rydberg electrometry, where mi-
crowave field sensing is investigated using EIT in a two-photon excitation process.
As an application, analog communication with Rydberg atoms is demonstrated us-
ing this system. Finally, the limitations of field sensing with a two-photon EIT

system are discussed, which provided the motivation for further investigations.

e Chapter 4 discusses the six-wave mixing phenomenon of optical and mi-
crowave fields in thermal atomic vapor using Rydberg atoms. The generation of a
new optical field due to the six-wave mixing process is studied, and the temporal
response of the system is investigated using amplitude modulation of the generated
field. A theoretical model is provided for a four-level system, and the wave prop-

agation equations are solved for the generated fields to explain the experimental
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observations. Finally, a theoretical study is performed to understand the effect of

coupling Rabi frequency on the signal bandwidth.

e Chapter 5 provides a theoretical study on EIT using four-photon excitation
to the Rydberg state in a thermal atomic medium. It describes an atomic model of
a five-level system to achieve EIT with a four-photon excitation process where the
motion-induced dephasing is eliminated. The effect of residual wave-vector on peak
EIT transmission is studied. The method of adiabatic elimination is discussed to
reduce the complex-five level system to an effective three-level system. Finally, an

experimental proposal is discussed to realize the system with rubidium atomic vapor.

e As an outlook to the thesis, Chapter 6 provides a theoretical study on mi-
crowave field sensing using a four-photon excitation process to the Rydberg state
in thermal atomic vapor. An atomic model is provided to observe EIT and study
the effect of a microwave field on EIT with four-photon excitation to the Rydberg
state. A comparison is provided between the field sensing using the two-photon and
four-photon excitation process, and the sensitivity of the detected electric field for
the four-photon excitation system is estimated. Finally, a brief experimental plan

is provided, which includes some designing using SOLIDWORKS.

The thesis focuses on microwave field sensing with thermal Rydberg atoms. How-
ever, a theoretical study of EIT in the strong blockade regime using the four-photon
excitation process has also been performed, which does not fit into the focus of the
thesis. Hence, it has been included in the appendix. The Appendix discusses the
study of EIT in the strong blockade regime using the four-photon excitation process

in thermal rubidium vapor.



Chapter 2

Basics of coherent Rydberg

excitation in rubidium vapor

Atom-light interaction lays the foundation for research in atomic and molecular
physics. This chapter introduces Rydberg atoms [27] and their properties followed
by a scaling law of these properties with the principal quantum number (n). The
chapter also describes atom-light interaction using a simple two-level and three-level
system [44]. The concept of the three-level system is further used to explain the phe-
nomenon of electromagnetically induced transparency (EIT) [28, 29, 45]. Since the
experiments in the thesis involve the use of the rubidium atom, the properties of the
rubidium atomic system are described. Finally, a discussion on the techniques to sta-
bilize the frequency of the laser fields to a particular atomic transition is presented,
which involves Doppler-free absorption spectroscopy and frequency stabilization us-

ing EIT locking technique [46].

2.1 Rydberg atoms

Atoms in which the valence electron is excited to a very high principal quantum
number (n) state are known as Rydberg atoms [27]. The interest in exploring

Rydberg atoms draws long back to the time of the discovery of the Balmer series of
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spectral lines for Hydrogen atoms in 1885. Later, in 1888, the entire spectral series
of the Hydrogen atom was explained by J. Rydberg, and he provided the Rydberg
formula for deriving the energy levels of the highly excited atoms, which helped in
explaining atomic spectroscopy. The unique properties of Rydberg atoms fueled the

interest to explore such atoms.

2.1.1 Properties of Rydberg atoms

Two crucial motivations led to the investigation of Rydberg atoms. First, all the
properties of Rydberg atoms show regular n dependence, allowing researchers to
verify the measurements accurately and consistently. Second, atoms in the Rydberg
state offered an opportunity to use their exaggerated properties, which was not
possible in the case of ground state atoms. As the highly excited valence electron
in a Rydberg atom is loosely bound to the ionic core, it exhibits high sensitivity to
even a small external electric field compared to any normal atom, which provides a
promising scope for DC electric field sensing [47]. Also, Rydberg atoms can be used
for quantum information processing because of the strong long-range interaction
between them [48, 49]. The controllable strong interaction results in a phenomenon

called the Rydberg blockade [50-52], which enables manipulation of qubits.

2.1.1.1 Scaling laws of Rydberg atom properties

The various properties of Rydberg atoms can be scaled with the principal quantum
number (n), which is presented in Table. 2.1. The size of the Rydberg atom, given
by the orbital radius, goes as n?. Compared to the ground state, let’s say n=>5, the
atom in the Rydberg state with n=60 has a size larger by 144 times. The larger size
results in a strong dipole moment (u), which also goes as n%. The lifetime of the
Rydberg states goes as n®, which means that high n Rydberg states are long-lived.
Hence, such states have narrow natural linewidth. The energy difference between the
Rydberg states AE, oc n=3. This suggests that the energy difference between Ryd-

berg states decreases with increasing n. So the high n Rydberg states are continuum
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states above the ionization limit. The field needed to ionize the Rydberg atoms goes
as n~%. The ionization field is a million times smaller than the field needed to ionize
the Hydrogen atom in the ground state. Field ionization is also a technique that
has been used to detect the highly excited Rydberg states [53]. The polarizability of
the Rydberg atoms given by A“—;l goes as n’, which has been exploited to measure
d.c. electric fields [30]. The polarizability and the dipole moment increase strongly
for states with high n, which exaggerates the sensitivity of the Rydberg states to
external electric fields [54]. The strong van der Waals Rydberg-Rydberg interaction
[55] depends on n'! which is the reason for the Rydberg blockade phenomenon and
many-body effects observed for interacting Rydberg atoms [56, 57].

Table 2.1: Scaling laws with n

’ No H Properties H n scaling ‘
1 Orbital radius n?
2 Dipole moment 2
3 Binding energy n=2
4 || Energy between adjacent n states n=3
5 Radiative Lifetime n?
6 Ionization field n~*
7 Polarizability n’
8 van der Waals interaction ntt

2.1.2 Quantum defect

Using the quantum defect approach, for a single valence electron atom such as the
H atom as a special case, the energy levels of Rydberg atoms are calculated. The
Rydberg states of an alkali atom are similar to that of an H atom. Considering an
alkali atom such as Rubidium (Rb), Rb* core has a 41 charge, with the core having
37protons and 36 electrons. The Rydberg electron spends most of its time far from
the core and at the highly excited n state. There is a very nominal difference between
the H atom and the Rb atom at such a state. So, the properties of Rydberg atoms
are expected to be similar to the H atom. But if the Rydberg electron approaches the

Rb™ core, it polarizes and penetrates the Rb* core which changes the wave functions
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Figure 2.1: Energy levels of ®Rb up to n = 100. The figure is obtained using ARC
documentation [58].

and energies of the Rb Rydberg state from the H atom. If the atoms are in a higher
orbital angular momentum state (I), the Rydberg electron cannot penetrate the
Rb™ core or the penetration is almost zero. So, the differences between H and Rb
are insignificant. But for low-lying [ states, the core polarization and penetration
reduce the energies of the low [ states. The high [ states of Rb and the H levels are
observed to be degenerate, but there is a difference in energy for low-lying [ states.

The formula for the energy of the low | Rydberg states is given by

Ry

Enl - _2<TL — (Snl)Q

(2.1)
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Figure 2.2: Quantum defect values for ®*Rb for [ = 0 — 3. The figure is obtained
using ARC documentation [58].

where d,,; is the observed quantum defect for states with orbital angular momentum
[ and Ry is the Rydberg constant given by Ry = 109721.6 cm~!. The energy levels
for such atoms can be categorized into different series, with each series corresponding
to a different value of [ as shown in Fig. 2.1. §,, is a slowly varying function of n for
a given [, so it can be considered to be nearly independent of n. It has been found
experimentally that Eqn.(2.1) is suitable for alkali atoms with one electron outside
the closed shell configuration. Quantum defects for different alkali atoms for the

first few angular momentum states are listed in Table. 2.2 [59, 60]. It can be seen

Table 2.2: Quantum defect values for alkali atoms at different [ states.

|1 L[ Na] K JRbJCs |
0.40 || 1.35 || 2.19 || 3.13 || 4.06
0.04 || 0.85 || 1.71 || 2.66 | 3.59

0.00 || 0.01 || 0.25 || 1.34 || 2.46
0.00 || 0.00 {| 0.00 || 0.01 || 0.02

—-— AT »
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that the value of §,,; decreases drastically for higher values of [. This indicates that
the energy of high [ lying states are nearly degenerate with H atom. 4, is depicted

as a function of n for different [ states in Fig. 2.2 for ®Rb.

2.2 Atom-light interaction and the refractive in-

dex

The interaction of monochromatic optical fields with the atomic system can be
understood by solving the optical Bloch equations for the system using a semi-
classical model [44]. Here, the laser field is considered a classical electromagnetic
field, whereas the atomic system is treated with a quantum mechanical approach.
This section discusses the basics of atom-light interaction using the two-level and
three-level systems coupled with monochromatic optical fields in the ladder config-

uration.

2.2.1 Non-interacting two-level atoms in gas density N

P R

A 4

lg)

Figure 2.3: Schematic of energy levels of a two-level system where |g) and |e)
represent the ground state and the excited state respectively.

The two-level system is the simplest configuration to study the atom-light in-

teraction. It consists of a ground state |g) and an excited state |e) coupled by a
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monochromatic probe field of frequency w, as shown in Fig. 2.3. The energy differ-
ence between the states is given by F,—E, = hw; —0 = hw; with w; being the atomic
resonance frequency. The detuning of the probe beam from the atomic resonance
is given by A, = w, —w;. The probe field is represented by E’p = Epe_iwpt + c.c.
The Rabi frequency of the probe is given by €2, = @ where pig., ), denote the
transition dipole moment and electric field amplitude corresponding to the probe
field respectively. The bare atomic Hamiltonian for the two-level system is written
as Hy = hwile){e|. The interaction Hamiltonian between the optical field and the
atomic system is Hiy = —fi- E = —(Epe~ ™" 4+ c.¢)(p1ge|g) (€] + pegle) (g]). The total

Hamiltonian for the system is given as

. 0 —(E, e~ %rt 4 c.c) e
H = Hy+ H,py — (Ep )ig

—(Epe™™rt + €.0) fheg hw;

This Hamiltonian is time-dependent. Using a unitary operation, the frame of refer-
ence can be transformed to a rotational frame of reference where the Hamiltonian
becomes time independent. In such a case, the rapidly oscillating terms are ne-
glected. This approximation holds for the case when the applied laser field is near

the resonance. The unitary operator used for the two-level system is

The Hamiltonian in the rotating frame is given by the operation H = UTHU —
thU T% such that

* ,—2iwp
H— 0 _(Ep + Epe t)lu“ge

—(E) + E e ., A(wy — wp)

After the use of rotating wave approximation, the rapidly oscillating terms with
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frequency 2w, are neglected to find the total time-independent Hamiltonian as

R 0 €
2\ o 2a,

The system is understood by studying the optical Bloch equation or the master

equation, which is written as

.

p=zlp. 2]+ Lo(p). (2.2)

Here, p is the density matrix of the system defined by the 2 x 2 matrix as

Pgg  Pge
p =
Peg  Pee

and Lp(p), the Lindblad operator [61], constituting the decay and decoherence pro-

cesses occurring in the system, is given by

Fe pee _lFe P e
ED(p) _ g9 2- €eglrg

1
_§Fegpeg _Fegpee

Here, pyg and p.. represent the population in the ground and excited states, re-
spectively. p., represents the coherence between the states |¢g) and |e) created by
the probe laser field. I'., is the population decay from the excited state to the
ground state, which is the inverse of the lifetime of the state. For a closed system,
PggtPee = 1, peg = pye and for stationary states p;; = 0. The optical Bloch equations

for the steady state are written as

i I,
5[2Appge — 2Qppee + ] — 79996 =0 (2.3)

4 *
§[Qppge - Qppeg] + Fegpee =0 (24)
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Figure 2.4: For a two level-system with atoms at rest: (a) Real (®(y)) and imaginary
(S(x)) part of the susceptibility are given by red closed circles and cyan closed circles
respectively and (b) probe transmission. () provides an estimate of the dispersion
induced by the atomic light interaction in the medium and $(y) estimates the
absorption of the input light while propagating through the atomic medium. Laser
parameters are: ), = 0.1 MHz, I',, = 6 MHz and density of the atoms (N) is 10
cm 3.

The above Bloch equations are solved to find out p. and pe,4 as

% 25
Pee = o2 14Nz 4 T2, (2:5)
Q,(—il., — 24A,)
Peg = - 3 g 3 g (26)
202 +4A2 + 172
The susceptibility of the probe field coupling the |g) — |e) transition is
2N pige |2
_ 2V Hee |l 2.7
X(wp) hE()Qp P g9 ( )

where N is the density of the atoms inside the atomic medium. The refractive index

is given by

n=+y1+x=(1+ §> _ 1+ 20, +i%<2><) = R(n) +iS(n).  (2.8)

R(x) represents the dispersion of the laser field due to the atomic medium, whereas

I(x) is the measure of absorption of the laser field by the medium, represented in
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Fig. 2.4(a). The transmission of the probe through the atomic medium is

T=(+)=e (2.9)

Iy
where a = J(x)k,! is the absorption coeflicient and [ is the path length of the laser
field through the atomic medium. The transmission of the probe for the two-level
system with atoms at rest is represented by Fig. 2.4(b). The situation will be
different in the case of a three-level system where the presence of a second laser
field changes the response of the atomic medium as compared to that in a two-level

system.

2.2.2 Dressed state picture

The atomic wave function for the two-level system is represented as 1) = Cy(t)|g) +
Ce(t)|e) where C,(t) and C,(t) represent the probability amplitude at time ¢ for the
atom to be in state |g) and |e) respectively. The two-level Hamiltonian eigenvalues
are found by solving the characteristic eigenvalue equation |H — AI| = 0. The

diagonalization of the matrix using the eigenvalue equation gives
—— —A =0 (2.10)

h h
= A= _§(AP + V AR+ | Q2 |2) - _§(AP + Q/)‘ (2.11)

Q' = /AZ+ | Q, |? is defined as the generalized Rabi frequency.

The eigenstates for the given eigenvalues are found as

0 7

Y1) = sin §|g) + cos 5’6) (2.12)
0 7

|th_) = cos §\g> — sin §’€> (2.13)

where we define | 2, |= Q'sinf, A, = Q' cosf and tand = %. |1y ) and |¢_) are
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the energy eigenstates known as the dressed states.

When A, = 0:

When the applied field is on resonance to the atomic transition, i.e., A, = 0, then
Q' =| Q, |. The energy eigenvalues are given by Ay = F2 | Q, |. The dressed
states have equal energy and are equally separated from the unperturbed atomic
bare states but in opposite directions.

When A, >| Q, |:

When the applied field is such that A, >| Q, |, then the energy eigenvalues are

AL = —hA, — ELQTPP‘Q and A_ = ELQTPP‘Q. The dressed states are separated from the
bare atomic states by a factor of TﬁlQ and in the opposite direction. The difference
P

between the energy eigenvalues gives the separation between the dressed states to

be —hA, — h';kp'z. The factor Tﬁf is the light shift factor that is introduced into
the system because of the strong applied laser field. The formation of the dressed

states depends on the detuning and Rabi frequency of the laser field.

2.2.3 Three level system

|7) 7
wC
|e) Ap EAC
_— e = o —
Wy

lg9)

Figure 2.5: Schematic of energy levels of a three-level system in ladder configuration.
|9), |e) and |r) represent the ground, intermediate and the excited state respectively.
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Consider a three level system in ladder configuration consisting of states |g),
le) and |r), as shown in Fig. 2.5, where the atomic resonance frequency between
states |g) and |e), |e) and |r) is given by w; and wy respectively. Excitation from
lg) — |e) and |e) — |r) are dipole allowed whereas the excitation from |g) — |r)
is dipole forbidden. The coherence between |g) and |e) (|e) and |r)) is created
by probe (coupling) field of frequency w, (w.) given by E’p = Epe_iwpt +c.c (E’c =
E.e~et 4 ¢ c). The detuning of the probe (coupling) field from the atomic resonance
is given by A, = w, — w1 (A, = w, — wy). The two photon detuning is defined by
d = (A, + A,). The Rabi frequency of the probe and coupling field is given by
Q, = % and ., = Q“—gEC respectively. fige (pter) and E, (E.) denote respectively
the transition dipole moment and electric field amplitude corresponding to the probe

(coupling) field.

The total Hamiltonian for the system is written as H= Hy + H;,; where Hy =
huw|e)(e] + A(wy + wso)|r)(r| is the bare atomic Hamiltonian and Hy,y = —fi - E =
—E,(1gelg) (el + pregle)(g]) — Ec(pier|e) (] + pire|7)(€]) is the interaction Hamiltonian
that represents the interaction between optical fields and atomic medium. After the

use of rotating wave approximation, the time-independent total H is found to be

0 Q, 0
H=-"1 o
=75 Q, 24, Q.
0 Q 2(A,+A)

The optical Bloch equation or the master equation is given by

)
P=7

w0 H] + Lo(p) (2.14)

where p is the 3 x 3 density matrix of the three-level system. Lp(p) is the Lindblad

operator, represented as

1
Lo(p) = Y Tig|CigpCly = S{CHCiy. p}. (2.15)
if
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Ciy is defined as C;y = |f)(i| where |f) is the final state and [i) is the initial state.

Lindblad operator matrix is written as

Legpee + Lrgprr _%Fegpge _%(FW + Fre)pgr
ED(p) = _%Feg/)eg Freprr - Fegpee _%<FT9 + Ihe + Feg>per
_%(Frg + Fre)pTg _%(Frg + Fre + Feg)pre _(FTQ + Fre)p”"

The population decay rates from state |e) — |g) and |r) — |e) are represented by
I'ey and T',. respectively. Decay from |r) — |g) is forbidden as the excitation is
not dipole allowed. But there is a transit time decay I',, from |r) — |g) due to
the transverse motion of the atoms through the cross-section of the beam. As the
system is a closed system pgy + pee + prr = 1. Also, for stationary states p;; = 0.

The optical Bloch equations for the steady state are

i

|

5= 28pPge + p(2pce + prr) = By = Qopgr] = =7 pge =0 (2.16)
%[—25% + Qpper — Qepge] — wpgr =0 (2.17)

%[Q;pge — Qppeg + Qepre — Qiper]) + Lreprr — Legpee = 0 (2.18)
%[Q;pgr = 20 per + Qe(prr — pee)] — Ly F; i Feg)per =0 (2.19)
S0~ Qepnd — (T 4+ Todpre =0 (220)

The system is solved for the steady state to find p.,. The susceptibility of the probe,
coupling the ground state |g) to the excited state |e), is given by

. 2N| Hge |2

X (wp) = “he, Pes (2.21)
P

where N is the density of the atoms inside the atomic medium. R(y) and (x)

express the dispersion and absorption of the probe, respectively. The transmission
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of the probe beam is given as

I
T=(+)=e (2.22)
Iy
where o = %(X)kpl is the absorption coefficient. [ is the optical path length through

the atomic medium.

2.2.4 Electromagnetically Induced Transparency (EIT)

Electromagnetically induced transparency (EIT) [29, 62] is an efficient and non-
destructive technique to probe the atoms in the Rydberg states [45]. EIT makes
the medium transparent to the probe light within a narrow frequency window. The
narrow frequency regime, called the transparency regime, shows enhanced nonlinear
response. EIT abruptly changes the absorption and dispersion of the probe beam
within the narrow transparency regime [63]. The phenomenon of EIT was termed by
Harris and his coworkers, who first demonstrated EIT in optically thick strontium
vapor in 1991 [28]. Later in 1991, they also demonstrated EIT for pressure broadened
lead vapor [64]. Since then, several studies have been performed to utilize EIT for
different applications. The significant applications are compression of light pulses
inside the atomic medium or the ’slow light’ [65], development of quantum memory
through control of the storage and retrieval of light pulses [66]. All these applications
are possible because the group index can be controlled efficiently within the narrow
EIT regime, and a large group index of the order of 10° can be achieved with EIT
[63].

2.2.4.1 EIT in a three-level system

EIT can be observed in a three-level ladder system with weak probe and strong
coupling fields. The strong probe field dresses the intermediate state and leads to the
formation of two dressed states. There can be excitation from both the dressed states

to the Rydberg state. Quantum destructive interference between the excitation
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Figure 2.6: Probe transmission as a function of probe detuning (A,) in the absence
(olive open circles) and presence (red closed circles) of coupling field. Laser param-
eters used in the model are €, = 100 kHz, €2, = 5 MHz, I',; = 6 MHz, I',, = 10
kHz, T';, = 100 kHz and A, = 0. Density of the atoms (N) is 1.7x 10 ¢cm™
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pathways changes the absorption of the probe field to otherwise transmission within
a narrow frequency regime around the resonance. This leads to the modification

of the response of the optical system to the atomic medium and gives rise to large
optical nonlinearity.

The three-level system has been discussed in detail in the previous section. The

optical Bloch equation of a three-level system for the steady state, in the weak probe
limit, i.e., 2, < €, are

) . I,

5[—2Appge —Q, = Vpg] — TQPQG =0 (2.23)
i F’I‘ +Fre
209y — pye] - Tt ey (224)

The above equations are solved numerically to find p.,. The susceptibility of the
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probe and the transmission is calculated as discussed in Sec. 2.2.3. The probe
transmission in the EIT regime is shown in Fig. 2.6. In the absence of the coupling
beam, the probe is absorbed as expected. In the presence of the coupling beam,
we observe transparency around the resonance instead of absorption of the probe

beam.

2.2.5 Adiabatic elimination of the intermediate state: Ef-

fective two-level system

(a) (b)

I N ——T—F
N Lol 1L
" —
- Qers
Qp
|g) |g)

Figure 2.7:  Schematic of energy levels of (a) three-level system and (b) effective
two-level system.

A three-level system can be treated like an effective two-level system by elimi-
nation of the intermediate state under certain conditions, i.e., A, > Q, I',;. This
process of reducing a system to an effective system with effective parameters by
eliminating the intermediate state is known as the adiabatic elimination process
[67]. Under the conditions of adiabatic elimination, if the initial population in the
intermediate state |e) is zero, then it will not get populated further and hence, can
be neglected or eliminated. The schematic of the effective two-level system obtained
from a three-level system is represented in Fig. 2.7. It consists of two states |g)

and |r) with effective Rabi frequency (detuning) given by Q.sr(A.ss). Performing a
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translation operation H — H' = H + 251 gives

-6 Q, 0

h
H = 3 QO 248,—0 Q.
0 Q0

The time-dependent Schrodinger equation is represented as ih2|¢(t)) = H'[(t)),
where [{(t)) = C,(t)|g) + Ce(t)|e) + Cr(t)|r) is written in terms of the orthonormal

basis states. The equations for the complex coefficients are derived as

Qi%C’g(t) = 5C,(t) — Q,Cu(1) (2.25)
Qi%Ce(t) — —C, (1) + (6 — 24,)Co(t) + 2.Co (1) (2.26)
2%0,@) = 30, (t) — O (1) (2.27)

Under conditions of adiabatic elimination, 2C.(t) = 0. Hence, C,(t) is found as

) 6t e
Gyt Q.0 (1)
Celt) = —@r-ay ~ By-an-

Substituting the value of C,(¢) in the other two equa-

tions, the Hamiltonian for the effective two-level system is derived as

112 2,0

PR BBk v B v vy
eff 2 Q;QZ ‘Qc|2 . 5
(Ap—Ac) (Ap—Ac)

The effective Hamiltonian is similar to the Hamiltonian of a two-level system Hojepep =
2Qg) (r| + 2Q|r){(g] + BA|r)(r| with Rabi frequency © and detuning A. By com-
paring the effective two-level system with a simple two-level system, the effective
Rabi frequency is found out to be Q.;r = (At”%”c) and the effective detuning is

Aepr = 0+ 5 AKZP—FAC) - 3 A'ZC_FAC). The density matrix p for the effective system

is given by a 2 x 2 matrix. The decay from |e) — |g) is faster than |r) — |e),
ie. I'cy > I'ye. Hence, the atoms in state |r) can be considered to decay directly
into state |g). The effective decay, including the transit time decay, is written as

Vrg = Urg +T're. prg and p,, are found by solving the optical Bloch equations in the
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Figure 2.8: Comparison of an effective two level system (open olive circles) with a
three level system (red solid line) at large probe detuning A, = 600 MHz. Other
parameters used in the model are €, = 50 MHz, 2. = 5 MHz, I'.y = 6 MHz,
;e = 10 kHz and T, = 100 kHz. Density of the atoms (N) is 1.7x 10'% cm ™.

steady state:
i

§[Q:ffpgr - Qeffprg] + YrgpPrr =0 (2.28)
i Vrg
5[ Qerr (1 = 2pr) = 28efpgr] = 57 Pgr =0 (2.29)

The above equations are solved numerically to find p.4, in terms of p,, and p,,, from

the three-level system [68] as

_ Qp(prr = 1) = Qeprg

eg = ; 2.
Peg 20, +il, (2.30)

A comparison of the effective two-level system with the three-level system at large
probe detuning, i.e., under conditions of adiabatic elimination, shows a good agree-
ment between the two, as shown in Fig.2.8. The figure shows R(p.,) for the two
systems at large probe detuning. The adiabatic elimination process is helpful in
studying a complex system with a larger number of atomic levels, such as a five-
level system where it can be reduced to simpler, effective system. This will be

discussed in the forthcoming chapters.
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2.3 Energy levels of rubidium atom

Alkali atoms are popular in atomic physics as their excitation frequency from the
ground to the first excited state falls in the visible and infrared region. Hence, light
can be easily generated for the optical transition. Also, due to their considerable
vapor pressure at low temperatures, alkali metal atoms can be readily made available
for manipulation by laser beams by heating. They have one valence electron in the
outermost shell and behave like Hydrogen-like atoms. The study in this thesis is
based on optical excitation with rubidium atomic medium. Rubidium has ground
state electronic configuration of 1s? 252 2p% 352 3d*° 452 4p% 5s! with atomic number
37. It has two naturally occurring isotopes ®* Rb and 3’Rb with a relative abundance

of 72.2% and 27.8%, respectively.

(a) (b)
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Figure 2.9: Energy levels of rubidium. D1 and D2 lines for (a) 8Rb and (b) ®¥Rb

The alkali metal atoms have a closed shell configuration with one valence elec-
tron; hence, the core does not contribute to the orbital angular momentum L. The
valence electron contributes to the orbital angular momentum. The orbital angular

momentum L and the spin angular momentum S provide the total angular momen-
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tum J. It is expressed as J = L+ S with | L — S |< J <| L+ S |. For rubidium,

1

5 and hence,

ground state valence electron configuration is 55! with L = 0 and S =

its ground state is written as SS% with J = % The excited state 5P can have J = %

3

or J =3

as L = 1 and are represented as 5P% and SP% . These are called the fine
structure states. The interaction of the total angular momentum J with the nuclear
angular momentum /I is given by F = J 4+ [ with | [ — J |< F <| I +.J |. This
leads to the formation of hyper-fine states. For ®Rb with I = 2, the ground state
55 1 splits into hyper-fine states given by F' = 1,2, the excited state 5P% splits into
hyper-fine states given by F' = 1,2, and the excited state 5P% splits into hyper-fine
states given by F' = 0,1,2,3. For ®*Rb with I = 2, the ground state 551 splits
into hyper-fine states given by F' = 2, 3, the excited state 5P% splits into hyper-fine
states given by F' = 2,3, and the excited state 5P% splits into hyper-fine states given
by F' = 1,2,3,4. The transition from 55’% — 5P% is called the D1 line and from
55 1= 5P% is called the D2 line. The states of rubidium are represented in Fig. 2.9

for ®Rb and 8 Rb. The work in this thesis is related to the D2 line of rubidium.

2.4 Doppler broadening

Due to the thermal motion of the absorbing or emitting atoms, their absorbing or
emitting frequencies are Doppler-shifted. As different atoms have different velocities,
the Doppler shift broadens the spectral lines of the gases at low pressure. The
Lorentzian line profile of the spectral lines is concealed by various broadening effects
from which the significant contribution comes from the Doppler broadening. If the
atom moves with velocity v, the atom moving towards the light source experiences
a blue shift in the frequency, and the atom moving away from the light source
experiences a redshift. The Doppler shifted frequency given by w = wq + k- U, where
w is the frequency of laser beam experienced by the atom due to its motion, w, is
the frequency of the laser beam in the rest frame of the atom, k is the wave vector
of the laser beam, and ¥ is the velocity of the atom in consideration.

In thermal atomic ensemble, the atoms follow a Maxwell Boltzmann velocity
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1}2
distribution, which in 1D, is given by the function f(v)dv = ﬁeigdv. vy =

is the most probable velocity of the atoms, k; is the Boltzmann constant, m is the

2%, T

m

mass of the atom, and T is the average temperature of the ensemble of atoms. While
working with a thermal atomic ensemble, the different physical quantities need to be
averaged over the velocities of the atoms to take into account the effect of Doppler

broadening.

2.4.1 Doppler effect in a three-level rubidium atomic system
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Figure 2.10: Two dimensional density plots for probe transmission as a function
of detuning of the laser field and atomic velocity for the ladder configuration where
k, =1.28166 x 10° m~! and k. = 2.08333 x 10°. Other parameters used are 2, = 500
kHz, Q). =5 MHz, I'.; = 6 MHz, I',. = 10 kHz, and I',; = 100 kHz. The density of
the atoms is 1.7 x 101 cm =3,

The atom-light interaction in a three-level ladder system has been discussed in
Sec. 2.2.3, which can be used to excite the atoms to the Rydberg state. The two-
photon excitation to the Rydberg state in a rubidium atomic medium is realized with
a probe field (w,) at 780 nm and a coupling field (w.) at 480 nm having wave vectors
k, and k. respectively. The laser fields are taken to be in a counter-propagating
configuration to reduce the wave-vector mismatch. The analytical solution for the
ground state to excited state coherence under the conditions of EIT, i.e., in the weak

probe limit, is calculated to be
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e = 0 (A, + A, — itufla) (2.31)
T2 T (min, = By (A, + A, — DTy 4 22

For the same velocity class of atoms in thermal vapor, the detuning of the fields are
modified as A, = A, — kv and A, — A, + k.v. The susceptibility of the probe
field coupling the transition from |g) — |e) is calculated as

(A o) flo)do = PV LN (2.32)
X2  he, ﬁvppeg v '

where i = p, c. The probe transmission is calculated using Eqn. (2.22). The trans-
mission components in the two-dimensional display are presented in Fig. 2.10, where
the left and the right figure represent the transmission with probe field scan and
coupling field scan, respectively. The different velocity groups contribute to the
transmission components across the Doppler profile. Drawing a horizontal line on
the plots represents the same velocity class of atoms, and the intersection of the hor-
izontal line with the colored curves represents the laser field detuning corresponding
to the transmission components for the particular velocity class of atoms. A ver-
tical line on the plots represents a particular laser detuning, and its intersection
with the curves corresponds to the different velocity groups of atoms contributing
to the transmission components. For the zero velocity group of atoms, the trans-
mission is maximum around the resonance, which corresponds to the maximum EIT

transparency.

2.5 Scaling of hyperfine and fine structure split-
ting due to wave vector mismatch between
the probe and coupling laser fields

In the case of two hyperfine states and fine structure states, the frequency axis is

calibrated differently for the hyperfine splitting and fine structure splitting. This is
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Figure 2.11: Energy level scheme where |g) represents the ground state, and |r)
represents the Rydberg state: (a) for hyperfine states |e) and |¢’) and (b) for fine
structure states |r) and |r'). Ay and Ay represent the hyperfine and fine structure
splitting, respectively.

due to the Doppler mismatch between probe and coupling laser fields. The hyperfine
splitting is scaled by a factor of 1 — % and fine structure splitting by %’ when the

probe field is scanned. For coupling field scan, the hyperfine splitting is scaled as

ke _

s 1 and fine structure splitting by 1. The energy level scheme for the system is

represented by 2.11. This scaling is derived by solving the optical Bloch equations

for the above systems in the weak probe limit.

The analytical solution for the ground state to excited state coherence corre-

sponding to the hyperfine states, in the weak probe limit, is found to be pey + peg.

Num
Pe'g =

2.33
den ( )

where Num = —Q,(2(A, + A.) — (31 + 2032)) (24, — il'91);
den = (2Ap — ZFgl)(Q(Ap + Ac) — Z.(Fgl =+ 2F32))<2(AP — Ahf) — ’irgl) — Qz(2<Ap —
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Figure 2.12: Two-dimensional density plots for probe transmission as a function of
laser field detuning and atomic velocity representing two hyperfine resonances: (a)
A, scan and (c) A. scan. Doppler averaged probe transmission for the same: (b)
A, scan and (d) A, scan. Here, Ay is taken to be 100 MHz, just as an example.

This value of Ay is not specific to rubidium.

Apg) — iTa1) — Q2(2A, — iTyy).

(2(A, — App) —ily)
- Pe'g-
(QAP — ZFQl)

peg = (2.34
For the thermal vapor system, the detunings are modified as A, — A, — k,v and
A. — A.+ k.v. When the probe field is scanned, the coupling field is considered to
be on atomic resonance, i.e., A, = 0. While scanning the coupling field, the probe
field is considered to be on atomic resonance, i.e., A, = 0. Fig. 2.12 shows the probe
transmission for the case of two hyperfine resonances, where the hyperfine splitting

is scaled by the factors discussed above.

For the case of fine structure states, in the weak probe limit, the analytical so-
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Figure 2.13: Two-dimensional density plots for probe transmission as a function of
laser field detuning and atomic velocity representing two fine structure resonances:
(a) A, scan and (c) A, scan. Doppler averaged probe transmission for: (b) A, scan
and (d) A, scan. Here, Ay is taken to be 100 MHz, just as an example. This value
of Ay is not specific to rubidium.

lution for the ground to excited state coherence is

Num
Peg = d

2.
deny (2.35)

Where Numf = —Qp(2<Ap + AC) — i<F31 + F32))(2(Ap + AC — Af) — ’i(Fgl + F32)),
deny = (28, — i1'21)(2(A, + Ac) —i(T's1 + I'32)) (2(Ap + Ac — Ap) —i(T'31 +T's0)) —
Q2(2(Ap + Ac) —i(Ta1 4 Tag)) — Q2(2(A, + Ap — Ay) —i(Ts1 + Typ)).

Fig. 2.13 shows the probe transmission for the case of two fine structure states.
As can be observed from the plots, the frequency difference between the fine structure

states is scaled by the factors discussed above.



34 Basics of coherent Rydberg excitation in rubidium vapor

2.6 Laser frequency stabilization
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Figure 2.14: Optical set up for Doppler-free absorption spectroscopy. HWP: Half-
wave plate, PBS: Polarizing beam splitter, M: Mirror, QWP: Quarter wave plate,
ND: Neutral Density Filter, L: Lens, and DET: Detector.

Laser frequency stabilization requires precise determination of the excitation fre-
quency from the ground state to the excited state. The determination of the exact
frequency is limited by the lifetime of the state, whose inverse gives us the spectral
width of the excitation. However, the spectral width of room temperature atoms
is concealed due to Doppler broadening effect, and the precise transition frequen-
cies cannot be distinguished within the broad absorption spectrum of the rubidium
atom. Special techniques are needed to stabilize the laser frequency precisely. The
frequency of the laser beam can be stabilized using various methods such as provid-
ing a feedback loop to the laser, Doppler-free absorption spectroscopy, generating
an error signal through frequency modulation of the beam, etc. This section will

discuss the two frequency locking techniques for stabilizing the laser frequencies.

2.6.1 Doppler free absorption spectroscopy

Doppler-free absorption spectroscopy, also known as saturated absorption spec-
troscopy (SAS), is a technique to precisely determine the atomic transition frequency

without requiring the cooling of an atomic medium where the Doppler broadening
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Figure 2.15: (A) represents SAS data for rubidium D2 line where (a) represents the
8TRb S51F =2 — 5P%F’(1,2,3) transition , (b) represents the 8°Rb S51F =3 —
5P; F'(2,3,4) transition, (c) represents the 5 Rb BS1F =2 — 5P3F'(1,2,3) tran-
sition and (d) represents the *"Rb 551 F' = 1 — 5P F'(0,1,2) transition. (B) and
(C) represent the zoomed view of the first two transitions (a) and (b), respectively.

no longer plays a significant role. It is used to frequency lock the probe laser to
an excited state with the help of hyper-fine transition of the atomic medium, which
is a room temperature rubidium atomic system for our case. This technique uses
a counter-propagating pump and probe scheme in a simple two-level system. The
optical setup for achieving SAS is shown in Fig. 2.14. An external cavity diode laser
(ECDL) at 780 nm is used to derive the optical beam. The beam is made to pass
through the rubidium atomic vapor cell. A half-wave plate (HWP) and a polarizing
beam splitter (PBS) are used to control the power of the light passing through the
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vapor cell. This acts as the pump beam, which is of a higher power. It is made
to pass through the quarter-wave plate (QWP) after passing through the vapor cell
and reflected from a mirror. A neutral density filter is used to reduce the power
of the reflected beam. The reflected beam is orthogonally polarized to the pump
beam and called the probe beam. The probe is weak compared to the pump beam;
after passing through the vapor cell, it is reflected from the PBS. The probe beam
is focused using a lens to a photo-detector to study the absorption signal. The pho-
todiode signal is fed into a TOPTICA digilock module of the ECDL for frequency
locking. The photodiode signal is also observed at the oscilloscope to identify the

different hyperfine transitions as shown in Fig. 2.15.

If the laser is in resonance to the atomic transition, the pump and the probe
beam interact with the atoms with velocity perpendicular to the direction of the
propagation of the laser beam. Using the two-level picture, the strong pump beam
excites the atoms from the ground state to the excited state such that the excited
state is saturated, i.e., the excited state and ground state has an almost equal number
of atoms. When the counter-propagating probe beam encounters the exited atoms,
they undergo stimulated emission, giving rise to a dip in the absorption spectrum (or
a peak in the transmission spectrum) at each hyperfine resonance. If there is more
than one hyperfine transition within a broad absorption spectrum having the same
ground state, then some cross-over peaks occur. These peaks occur at frequencies

exactly halfway between the two hyperfine transitions.

Fig. 2.15(A) shows the different transitions falling in the D2 line of rubidium.
The experiments in this thesis, involve the use of 8" Rb BS1F =2 — 5P%F’(1, 2,3)
and ¥Rb 551 F = 3 — 5P:F"(2,3,4) transitions and the lower figures (B) and
(C) show the zoomed view of those transitions. In Fig. 2.15(B), (i),(ii) and (iii)
represent respectively the hyper-fine transitions with F/ = 1,2,3 and other peaks
represent the cross over resonances. Similarly, in Fig. 2.15(c), (i),(ii) and (iii)
represent respectively the hyper-fine transitions with F’ = 2,3,4 and other peaks
are the cross over resonances. The strength of the cross-over resonances can be

larger than the hyper-fine resonances.
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2.6.2 Frequency stabilization using EIT locking technique
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Figure 2.16: Optical set up for frequency stabilization using EIT locking technique.
HWP: Half-wave plate, PBS: Polarizing beam splitter, EOM: Electro-optic modu-
lator, M: Mirror, QWP: Quarter wave plate, L: Lens, D.M.: Dichroic mirror, and
DET: Detector.

EIT locking technique is used to stabilize the frequency of the coupling laser to
a highly excited state such as the Rydberg state [46]. This technique utilizes the
concept of EIT, where the probe and coupling laser fields are in counter-propagate
each other and satisfy the ladder configuration to excite the atoms to the Rydberg
state. The probe frequency is stabilized at the resonance of a hyper-fine transition
using SAS, as discussed in the previous section. The frequency of the coupling laser
is stabilized at the EIT resonance by generating an error signal from the EIT signal,
which is explained below.

The experimental setup is shown in Fig. 2.16. Here, an ECDL at 780 nm gener-
ates the probe beam, and a frequency doubling cavity laser generates the coupling
beam at 480 nm. The probe beam is used to couple the ground state of rubidium
55 1 to the excited state 5P%, and the coupling beam excites the atoms from the
excited state to the Rydberg state. When the system satisfies the condition of EIT,

we observe the EIT signal in the photodiode as shown in Fig. 2.17(a).
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Generation of sidebands due to frequency modulation of the probe beam
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Figure 2.17: EIT signal: (a) without modulation and (b) after frequency modulation
with side bands at the modulation frequency.

The phase of the probe beam is modulated using an electro-optic modulator
(EOM). The probe beam is represented by E(t) = Ege™'. In order to drive the
EOM, an rf signal is used from a function generator which introduces the phase
change, which can be written as ¢(t) = d¢ sin(w,t) where w, is the frequency of the
modulation signal and d¢ is the very small phase change. The phase modulated
probe beam is written as E(t) = Ege»*T0¢sin(we!)  Phase modulation results in fre-
quency modulation as given by d¢ = i—“:. Using the Taylor’s expansion for ¢?¢sin(wet)
the frequency modulated signal is written as E(t) = Eye™»*(1 + id¢sin(w,t)). This

expression can be simplified as

. S5d . o0 .
E(t) = Ey(e™rt + ge“wﬁwﬂ)t — ge“wp—“’e)t). (2.36)
Here, the first term is the carrier wave which is the probe field, and the subsequent
two terms are the sidebands generated at frequencies (w, + w,) and (w, — w,). This
can be seen in Fig. 2.17(b), where we observe the sidebands being generated for the

EIT signal due to the frequency modulation of the probe.
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Generation of the error signal from the EIT signal
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Figure 2.18: Generated error signal from the EIT signal.

The photodiode receives an intensity of light I oc| E |?, which depends on the
instantaneous frequency. The instantaneous frequency is equal to the time derivative
of wyt + d¢sin(wet), i.e. w; = w, + w0 cos(wet) = w, + dw cos(w,t). Hence, I(w) =
I(wp + 6w cos(w,t)). Using Taylor’s expansion I(w) = I(w,) + 0w cos(wet) oL + .
. The signal from the photodiode is multiplied with a local oscillator (L.O.) signal
Ag sin(wet +¢) with the help of an R.F. mixer to understand the changes in the laser
frequency. This L.O. signal is generated from the same function generator, which
drives the EOM at the same frequency as the modulation signal but with an extra

phase factor ¢. This results in intensity given by

I(w) * Agsin(wet + ¢) = [E2sin®(wpyt) + dw cos(wet)g—i]Ao sin(wet + ¢)

— [E_g(l — cos(2wpt)) + Sw cos(wet) 2] Ag sin(wet + ¢)
= A02E° sin(wet + ¢) — E
— % sin(wet + ¢) — AO Ao B [sin(2wyt + wet + ¢) — sin(2wyt — wet — ¢)] +

Ao‘s‘“ 81 = sin(2wet + @) + A“‘Sw al -~ sin ¢

2020 cos(2wpt) sin(wet + @) + Agdw cos(wet) 2L sin(wet + ¢)

Using a low pass filter, the high-frequency terms are filtered out, and the re-
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maining term is the last term which gives the error signal. The error signal is the
derivative of the EIT signal, as shown in Fig. 2.18. The error signal is fed into the
TOPTICA digilock module to lock the frequency of the coupling beam at the slope
of the error signal.

This technique is used for experiments involving EIT, which require both the
probe and the coupling beam frequency to be stabilized on resonance to the atomic

transition.



Chapter 3

Rydberg Electrometry

Large atomic polarizability and strong transition dipole moments make Rydberg
atoms suitable candidates for sensing extremely small electric fields [47, 69, 70].
Due to the wide range of optical transitions from MHz to GHz, Rydberg atoms
make accessing the RF-FI regime possible [27]. DC field electrometry has also been
performed while observing the motional stark shifts with thermal Rydberg atoms
[71]. The cold atom experiments utilize the stark effect to compensate for the
electric fields inside the vacuum chambers. Atom-based E-field sensing [7, 8, 12]
utilizes EIT as a detection scheme for electric fields in the RF-FI regime where EIT
is achieved using a two-photon excitation process to the Rydberg state [23, 72, 73].
Sensing of microwave electric fields with EIT using Rydberg atoms is understood
with the help of a four-level system [74]. The Rydberg atomic excitation is carried
out using a three-level system coupled with the probe and coupling fields. A third
field, a microwave field, couples the Rydberg state to another neighboring Rydberg
state. Electric field sensing with Rydberg atoms leads to various applications such
as THz imaging [31, 75|, sub-wavelength imaging [35, 36], millimeter wave detection
[37], etc. Also, the Rydberg atomic sensors have grown over time to become an
efficient technology for data communication [40, 41, 76]. This chapter discusses
the theoretical model of a four-level system for E-field sensing. Also, it provides

an overview of some experimental studies which have been performed in the lab
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to understand the basics of electric field sensing with the Rydberg EIT medium
[74]. As an application to microwave electrometry, analog data communication with
Rydberg atoms is demonstrated. The Rydberg EIT-based sensing methods with
a two-photon excitation process have various limitations, which are also discussed

towards the end of this chapter.

3.1 Theoretical model of four-level system

')
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fa) u

?"Tffl@
|7 r'y

Elc
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Figure 3.1: Schematic of energy levels of a four-level system in a ladder config-
uration. |g), |e), |r) and |r’) represent the ground state, intermediate state, first
Rydberg state and the second Rydberg state respectively.

Consider a four-level system in ladder configuration consisting of states |g), |e),
Ir) and |r’), as shown in Fig. 3.1, where the corresponding atomic resonance fre-
quencies between states are wy, we and ws respectively. Excitation from |g) — |e),
le) — |r) and |r) — |r’) are dipole allowed whereas the excitation from |g) — |r) and
lg) — |r’) are dipole forbidden. The transitions |g) — |e), |e) — |r) and |r) — |r')

are coupled by the probe, coupling and microwave fields of frequency w,, w. and
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w,, respectively. The fields are given by E’p = Eye ™ 4 c.c, E'. = Ee~t 4+ cc
and E' p= Eue*i““t + c.c. The detuning of the probe, coupling, and microwave field
from the respective atomic resonances are given by A, = w, — wi, A; = we — wo
and A, = w, — ws. The two-photon and three-photon detuning are defined by
0 = (Ap+ A.) and 6, = (A, + Ac + A,) respectively and also d3 = (A. + A,).
The Rabi frequencies of the probe, coupling and microwave fields are given by
Q, = @, Q. = 2“—2& and Q, = M respectively. fige, fers fr denote
the transition dipole moment and E,, E., E, denote the electric field amplitude

corresponding to the probe, coupling and microwave fields respectively.

The Hamiltonian of the four-level system is written as H= Hy+ H;,; where Hy =
Tuvy |e) (e|4h(w1 +wa) |r) (r|+h(wi +wa+ws)|r’) (1] is the bare atomic Hamiltonian and
Hnt = —ji-E = = Ep(j1elg) (€| +teg|e)(9]) = Eelpter €} (| + el ) (€]) = Bt |r) (' +
|7 (r|) is the interaction Hamiltonian that represents the interaction between
optical fields and atomic medium. After the use of rotating wave approximation,

the time-independent total Hamiltonian H is written as

0 Q, 0 0
LB %o, Q. 0
21 0 @ 20, +A) Q,

0 0 Q2D+ AFA,)

As discussed in section. 2.2.3, the optical Bloch equation is given by

0

h

p=zlp, H + Lp(p). (3.1)

The density matrix for the four-level system is a 4 x 4 matrix p;; with ¢, j = g, e, r,r’".
Ley, Iy, I'yvp denote the population decay between the states. Decay from |r) — |g)
and |r") — |g) are dipole forbidden. Still, there is decay between these states, known
as the transit time decay, due to the atoms’ transverse velocity through the beam’s

cross-section. The transit time decays, which occur between the the ground state
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and the Rydberg excited state, are denoted by I',, and I';,;. The Lindblad operator

for this system is given by

Lp(p)

Le Y
Fegpee + Frgprr + Frlgprlrl _Tgpge —2 Pgr
Leg T T 73
— 5 Peg rePrr — LegPee — 5 Per
1 3
o Prg —5 Pre Fr’rpr’r’ — Y1Prr
72 (Legt2) (r142)
2P I S

where 1 =y + e, 2 =Ly + Iy and y5 =Ty + e + Ty

_ (Legt2)
2

2
Per’
_ (nnte)

5 Prr

—2Prr

For the closed system, pgg + pee + prr + prv = 1 and pj; = 0 for the steady state

system. Hence, the optical Bloch equations for the steady state are written as

i *
§(Qppeg - Qppge> + Pegpee + Prgprr + Fr’gpr’r’ =0

i . r,
5[_2Appge + Qp(Qpee + Prr + pr’r’) - Qp - QcpgT’] - Tnge =0
4 * Ba!
5[_251,097" - Qupgr’ =+ Qpper - Qcpge] - ?pgr =0

: T2
5[_252%7“’ = Qupgr + Qpper] — o Par = 0

i * * FE
S[28pp04¢ — Qp(210€€ + o+ Prir) + Qp + Qeprgl — _gpeg =0

2 2
Z’ * *
§[Qppge - Qppeg + Qcpre - Qcper] + Freprr + Fr’epfr’r’ - 1—‘egpee =0
i * * V3
§[Qppg7" — 2A¢per — Quper’ + Qe(prr — pee)] — Eper =0
i * (Feg _'_ 72)
5[_253per’ - Quper + Qppgr/ + Qcprr’] - Tper’ =0
L9810,y + O U pre + By =0
5[ 1Prg T 38uprrg — 32, pre + Peg) — gprg =
( * 3
5[_Qppfrg + 2Acp7’e + Qupr’e + Qc (pee - prr)] - Epre =0

i * *
§[Qcper - Qcpre + Qupr’r - Quprr’] = Y1Prr + Fr’rpr’r’ =0

(3.6)
(3.7)
(3.8)
(3.9)

(3.10)

(3.11)

(3.12)
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Figure 3.2: Probe transmission as a function of A.. The solid red line represents
the EIT peak in the absence of the microwave field (€2, = 0), and the solid cyan line
represents the splitting in the EIT peak due to the presence of the microwave field
(2, = 5 MHz). Other parameters are €, = 500 kHz, Q. = 4 MHz, I'.y = 6 MHz,
I'ye = 10 kHz, I',, = 100 kHz, I',,y = 100 kHz, I';, = 10 kHz, A, = 0 and A, = 0.
The density of the atoms is 1.7 x 109 cm=3.

L0 = 28y = Ul = po) = L 0y
%[depwg + Qprg — Qppre] — %prfg =0 (3.14)
%[263pwe + Qpre — Qpprg — Qiprr] — MPM =0 (3.15)
%[—Qcpr/e + 28,0 + S0 (Prr — provr)] = @PW =0 (3.16)
E[QZ‘L/)MI — Quprre] = Y2pri = 0 (3.17)

2

The above equations are solved numerically to find the ground state to the excited
state coherence p.,. For the same velocity class of atoms in thermal atomic vapor,

the detuning of the fields are modified as A, = A, — kv, A, = A, + kv and
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A, — A, — k. ky, ke, and k, are the wave-vectors of the probe, coupling, and

microwave field, respectively, and v is the velocity of the atoms.

For the thermal atomic medium, the susceptibility of the probe is found out as

2 0 2
o) = el [ e (3.15)
The probe transmission is calculated using Eqn. (2.22). The probe transmission
for the four-level system is represented by Fig. 3.2. The plot with a solid red line
represents the EIT peak as a function of coupling detuning A. in the absence of
the third field, i.e., microwave field (€2,). The plot with a solid cyan line represents
the splitting in the EIT peak or the absorption feature within the transparency
window due to the presence of the microwave field. This splitting is also known as

the Autler-Townes (AT) splitting.

3.2 Experimental set-up for investigation of mi-
crowave field sensing using EIT

The experimental set-up for microwave electric field sensing using EIT is shown in
Fig. 3.3. An external cavity diode laser (ECDL) TOPTICA DL PRO of wavelength
780 nm is used to derive the probe beam (w,). The experimental set-up shows
that saturated absorption spectroscopy (SAS) is used to frequency stabilize the
probe laser. The probe beam carries out the atomic excitation from the ground
state |g) to the excited state |e) and the probe frequency is locked to the %" Rb
S51F =2 — 5P%F/ = 3 transition. The coupling beam (w.) is derived from a
frequency doubling cavity laser (TOPTICA TA-SHG PRO) at a wavelength of 480
nm. The coupling beam excites the atoms from the excited state |e) to the Rydberg
state |r). The probe and the coupling beams counter propagate each other through
the cylindrical rubidium vapor cell length of 5 cm and diameter of 2.5 cm. The probe

and the coupling beam are focused at the center of the vapor cell where % radii of
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Figure 3.3: Optical set up for microwave electric field sensing. The set up consists
of two parts: one for probe frequency stabilization (SAS) and the other part for ex-
periment. HWP: Half wave-plate, PBS: Polarizing beam splitter, M: Mirror, QWP:
Quarter wave-plate, L: Lens, DM: Dichroic mirror, DET: Detector.

the probe and coupling beams are 0.4 mm and 0.7 mm, respectively. The power of
the probe and coupling beams are approximately 14W and 100 mW, respectively.
The probe and the coupling beams are circularly polarized but orthogonal. The
probe beam is detected using a photodetector. A lock-in detection is performed
to have an enhanced signal-to-noise ratio (SNR). The detector signal is fed into a
lock-in amplifier. The reference to the lock-in amplifier is provided from an optical
chopper used to modulate the coupling beam intensity. It is operated at a frequency
of 5 kHz. The output of the lock-in amplifier is observed using an oscilloscope. A
microwave signal generator is used as the source which radiates the microwave field
in the free space using a horn antenna. As shown in the experimental set-up, the
horn antenna is placed at a distance of approximately 38 cm from the center of the
vapor cell along the radial direction. The microwave field couples the Rydberg state
|r) to another nearby Rydberg state |r'). The effect of the presence of microwave

field is studied by observing the EIT signal using an oscilloscope.
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3.3 Observation of AT splitting due to the pres-

ence of the microwave field

(a)

=]

EIT Signal (V)
-8

2
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780 nm 2 . . . . .
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|g) 531/2 AC (MHZ)

Figure 3.4: Microwave electrometry with Rydberg atoms: (a) Energy level scheme
where |g) = 551, le) =5Ps, |r) = 6251, and |7y = 61Ps. (b) EIT signal when the
microwave is off and on with microwave power P,y =1 dBm at the signal generator.

The schematic of the energy level is shown in Fig. 3.4(a). The different states
of the system are |g) = 551, le) = 5Ps, Ir)y = 6251, and |r') = 61Ps. The probe
and coupling field wavelengths corresponding to the transitions are 780.241 nm and
479.786 nm, respectively. When the probe beam is on resonance (i.e., A, = 0) and
the coupling beam is scanned to satisfy the conditions of EIT, we observe the EIT
signal as a function of A. shown in Fig. 3.4(b). The resonance frequency of the
microwave field for the given transition from |r) — [r') is fu,o = 15.17375 GHz.
The horn antenna is placed at a distance of 38 cm from the center of the vapor
cell. Application of the microwave field on resonance to the atomic transition (i.e.,
A, = 0) results in the splitting of the EIT peak. This splitting is called the Autler-
Townes (AT) splitting. The presence of the microwave field leads to the formation of

the dressed states. The Rydberg state is split into two dressed states leading to the
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splitting of the EIT signal into two AT peaks as shown in Fig. 3.4(b). Here, the total
microwave power used is P, = 1 dBm. This power shown at the signal generator
is not the same power or field experienced by the Rydberg atoms. There are losses
from the cables, horn antenna, and also during propagation. The cross-sectional
interacting area of the optical beam and the vapor cell is 0.5 cm?, considering a
beam of around 1 mm diameter. The electric field reaching the interacting area is
nearly 0.08 V/m. There are also electric fields due to reflections from the metallic

optical table, vapor cell walls, etc.

The microwave power or electric field strength experienced by the atoms is pro-
vided from the measure of the splitting of the EIT signal. The frequency difference
between the two peaks determines the Rabi frequency of the microwave field (£2,,).

The field strength of the microwave field is calculated from the relation

| E |= QWEQM = QWEAfQ = QWEDAfm (3.19)
d, d, d,
where Afy = DAf,,, Af, is the measured splitting of the EIT peak, d, is the

dipole moment of the microwave coupled transition, and D is a scaling factor which

takes into consideration the Doppler mismatch of the probe and coupling laser. If

2o
A

the probe laser is scanned, then D = where A\, and A, are the wavelengths of
the probe and coupling laser, respectively. If the coupling laser is scanned, then
D = 1. For the given parameters discussed in this section and for P,y = 1 dBm,
the microwave Rabi frequency is found to be 2, = A fy = 10.2 MHz and the electric
field strength is calculated to be | E' |= 0.37 V/m. The lock-in amplifier parameters
used in the measurement are time constant=300 us and sensitivity=1 mV. The lock-
in amplifier gain is 10000. The dipole moment for the microwave transition is given
by d,, = RAeay where e is the elementary charge and ag is the Bohr radius. R and
A are the radial and angular parts of the dipole moment, respectively. These values

are calculated from [58]. The dipole moment considered here is 2146.98 eay.

In a typical experiment, the vapor cell is heated to 60°C to increase the density

of atoms inside the vapor cell to 5 x 10! cm™. The geometry of the atomic vapor
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cell also affects the E-field measurement, which has been discussed in [77]. In these
results, the effect of vapor cell geometry has been ignored during the measurements
as the vapor cell is kept fixed, and the measurements are taken at a fixed point, i.e.,
at the center of the vapor cell. The effect of the reflections from the surface of the

optical table is also ignored in the measurements.

3.4 E-field strength with different microwave power

at the signal generator
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Figure 3.5: Splitting of the EIT signal for different microwave source power at the
signal generator.

For the above-discussed transitions, the E-field observed by the Rydberg atoms
for different power levels of the microwave signal generator is also studied. Different

power levels of the signal generator lead to different splitting of the EIT signal, as
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shown in Fig. 3.5. As discussed in the earlier section, the strength of the E-field
experienced by the atoms is measured from AT splitting of the EIT peaks using
Eqgn. 3.19. It is observed that the AT splitting increases linearly with the square
root of microwave source power, and hence, the measured E-field strength increases
linearly with the square root of microwave source power as shown in Fig. 3.6. The
behavior follows a linear fit with a slope of 0.41£0.01 v/myv/mW. There can be
statistical and systematic uncertainties in the experimental measurement method.
From Eqn. 3.19, it is known that there is a linear relationship between measured
AT splitting and E-field. When the EIT line-width is comparable to or larger than
the measured splitting of the EIT peak, the linear relationship breaks down [25].
The EIT line-width is a function of the Rabi frequencies of the probe and coupling

beams [78], and various other factors [79].
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Figure 3.6: Measured value of E-field strength for given microwave source power.
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3.5 Effect of microwave detuning on E-field mea-

surement

The above section measures the on-resonant microwave field strengths and their
dependence on the source power. When the microwave field is weak, it is difficult to
measure the splitting with on resonant microwave field. Such can be the case while
detecting weak microwave fields in the upper millimeter wave and sub-THz bands.
Determination of AT splitting becomes difficult in these high frequencies for two
reasons. One is the weak power of the electric field, and another one is the small
dipole moment due to the use of low n states for detecting such high frequencies.
The detection of the E-field can be improved for weak microwave fields by detuning
the microwave field away from the resonance, i.e., using off-resonant fields [80]. In
this section, an example is presented which shows how off-resonant fields help to

improve the sensitivity of E-field measurement.
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Figure 3.7: (a) Energy level scheme where |g) = 551, le) = 5Ps, r) = 45Ds , and
|r'y = 46P;s . (b) EIT signal when the microwave is off and on with microwave power

P,w = —9 dBm at the signal generator applied on-resonance to the transition.

The schematic of the energy level scheme is shown in Fig. 3.7(a). The different
states of the system are |g) = 551, le) = 5Ps, Ir) = 45Ds , and 7"} = 46Ps. The
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probe and coupling field wavelengths corresponding to the transitions are 780.241
nm and 480.38 nm, respectively. The power of the probe and coupling beam is
nearly 2uW and 120 mW, respectively. The % probe and coupling radius are around
0.4 mm and 0.7 mm, respectively. The EIT signal as a function of A, is shown
in Fig. 3.7(b). For the given transition, the resonance frequency of the microwave
field is f,o = 25.7747 GHz. The horn antenna is placed at a distance of 20 cm
from the center of the vapor cell. When the microwave field is applied at A, = 0,
the splitting of the EIT peak is observed, as discussed earlier. For the parameters
discussed in this section and for P,y = —9 dBm, the microwave Rabi frequency is
found to be ©, = Afy = 9.04 MHz and electric field strength to be | E' |= 0.43 V/m.
The transition dipole moment is 1637.11 eay. The lock-in amplifier parameters used
in the measurement are time constant=1 ms and sensitivity=500 mV. The lock-in
amplifier gain is 20. The vapor cell is heated to 60°C to increase the density of

atoms inside the vapor cell to 5 x 10 em™3.
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Figure 3.8: Comparison of AT splitting of the EIT signal for off-resonant microwave

fields (fu0+A,) with resonant microwave field splitting (f, ) for fixed power of the
microwave field (P, = —9 dBm) and with A, = 30 MHz.
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Fig. 3.8 shows the splitting of the EIT signal for the off-resonant microwave
fields (fu,a,) as compared to the on-resonant case (fyo) where f,a, = fuo £ A,
and A, represents the detuning of the microwave from the atomic resonance. As
it is seen from the figure, the off-resonant field leads to AT splitting, which can
be differentiated better than the on-resonant AT splitting for a fixed power level
of the microwave source. The off-resonant microwave field leads to non-symmetric
splitting of the EIT peak, which is observed in the above figure. For f,a, < fuo,
the left side peak is smaller than the right, and for f, A, > fu0, the right side peak
is smaller than the left peak. Also, the increase in microwave detuning leads to
an increased separation between the two peaks. The power level of the microwave
source is fixed at P, = —9 dBm, and the dependence of the measured AT splitting

on A, is studied as shown in Fig. 3.9.
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Figure 3.9: Separation between the AT split peaks at finite detuning (Afa,) as a
function of A, for P,y = —9 dBm.
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The separation between the AT split peaks is given by

Afa, = (A2 + (Afu)? (3.20)

The AT splitting is increased by more than three times for a fixed weak microwave
field when the microwave is detuned away from the atomic resonance. The calcu-
lated values from Eqn. (3.20) show a good agreement with experimentally found
values. There is a limit up to which the microwave can be detuned to observe the
improvement in E-field detection [80]. Fitting the Eqn. (3.20) to the data obtained
in the experiment, it helps to determine the resonance frequency of the microwave

transition for cases when the resonance frequency is not known.

3.6 Communication with Rydberg atoms

Communication technology with the Rydberg EIT system involves modulation/demodulation
of a baseband signal onto an electromagnetic carrier signal [42]. This modulation
is carried out using amplitude modulation or frequency modulation for analog com-
munication purposes and phase or frequency shift keying for digital communication.
All the studies involve the use of EIT in a two-photon excitation process to the

Rydberg state where the microwave field (carrier wave) is modulated.

3.6.1 Analog communication with Rydberg EIT

The microwave electric field sensing technique can be utilized for analog data com-
munication with Rydberg atoms [76, 81]. This sensing technique can make Rydberg
atoms act as an antenna/receiver for message signals encoded into microwave ra-
diation (carrier wave). This has led physicists to term the system as atom-radio.
The system can be used to record and play a message signal (an audio signal in
our case) in real time. This system uses the concept of amplitude modulation of

the carrier signal to deliver the message signal (modulating signal) to the Rydberg
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Figure 3.10: (a) Energy level scheme and (b) experimental set-up.

atoms. This message signal can be retrieved from the probe beam and detected at

the photo-diode without the need for any demodulation circuit.

The energy level scheme and the experimental set-up are shown in Fig. 3.10.
The set-up utilizes a counter-propagating probe and coupling scheme to achieve the
conditions of EIT with the Rydberg atoms, as discussed in the previous sections. The
probe frequency is stabilized at 87 Rb 55 %F =2 — 5P% F’" = 3 resonance using SAS
technique, and the coupling frequency is stabilized at the resonance of the EIT using
the technique discussed in Sec. 2.5.2. Microwave field is radiated through the horn
antenna to interact with the 52D 5 — 53P% transition. Here, the modulation input of
the microwave signal generator is fed with a message signal. The microwave field acts
as a carrier of the message signal, and the process is like an amplitude modulation
of the microwave field. The modulated microwave field interacts with the Rydberg
atoms and transfers the message signal to the probe beam. The probe beam is
detected using a photodetector, and the detector output is fed to the oscilloscope.
The output voltage observed is proportional to the modulating signal. A direct
read-out of the audio signal can be observed without the need for any demodulation
circuit. The output is anti-correlated to the input message signal with reduced
amplitude, as shown in Fig. 3.11. It is also observed that when the detector output

is fed directly to an audio amplifier, we hear the same output audio signal as the
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Figure 3.11: Input audio signal (top) to the microwave signal generator and re-
trieved audio signal (bottom) at the photodetector.

input to the modulation port of the microwave signal generator but with reduced

strength.

3.6.2 Digital communication with Rydberg EIT

Rydberg EIT field sensing techniques have also been exploited for digital commu-
nication purposes [40, 41]. This involved using frequency or phase shift keying to
investigate the data transfer rate in the two-photon Rydberg EIT system. The

major aim behind this investigation is to develop a system that has a faster data
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transfer rate, and the bandwidth of the modulation spectrum determines the data
transfer rate. It has been demonstrated that the two-photon Rydberg EIT system
can have a data transfer rate of 8.2 Mbit/s with a signal bandwidth of nearly 1 MHz
[40].

3.7 Limitations of microwave field sensing with
Rydberg atoms using EIT through two-photon

excitation process to the Rydberg state

e The data transfer rate in the two-photon Rydberg EIT system is limited to a few
Mbit/s as the modulation bandwidth is limited to only a few MHz. This limita-
tion is because of the optical pumping rate to the EIT dark state, which is given
by Qg = g—; where (). is the Rabi frequency of the coupling beam and I' is the
natural line-width of the intermediate state which is 6 MHz for rubidium. To have

a faster data transfer rate, a system with larger modulation bandwidth is necessary.

e The sensitivity of measured electric field is given by E”—\/I% = W+27N’ where E,.;p,
is the minimum detectable electric field, T5 is the dephasing time of the EIT process
and N is the number of atoms participating in the detection process [12]. The
electric field that causes an AT splitting similar to the line-width of the EIT signal
is the minimum detectable field and is given by the relation E,,;, = QW%’YEIT [43].
The minimum electric field detected using Rydberg EIT systems is limited by the
line-width of the EIT spectrum 7g;r. In the two-photon Rydberg system discussed
in this chapter, the line-width of the EIT signal is yg;7 ~ 4 MHz. For such an EIT
line-width, the minimum detectable field using AT splitting is around 2 mV /cm for
d, =1637.11 eay. As the minimum detectable field depends on the EIT line width,
narrowing the EIT line width can result in better sensitivity of the detected electric

field.
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3.8 Conclusion

The Rydberg atoms act as accurate and precise sensors for microwave electric fields
due to their significant dipole moment and large polarizability. The system utilizes
the splitting of the two-photon EIT signal to determine the electric field strength
of the microwave field. As discussed in this chapter, Rydberg atoms can also be
used for communication technology. But the data transfer rate with a two-photon
Rydberg EIT system is limited by the optical pumping rate to the dark state, and
also, the sensitivity of the measured electric field is limited by the EIT linewidth.






Chapter 4

Six-wave mixing of optical and
microwave fields using Rydberg

atoms in thermal atomic vapor

The six-wave mixing process of optical and microwave fields has been studied for
coherent microwave-to-optical conversion in a cold atomic system using Rydberg
atoms [82, 83]. The system utilizes EIT for better conversion efficiency but has a
limited conversion bandwidth of a few MHz. Rydberg atoms facilitate the efficient
free space microwave-to-optical conversion due to their large dipole moment in a wide
operating frequency range varying from MHz to THz [27]. The limited bandwidth
of the Rydberg EIT system restricts the data transfer rate to only a few MHz. This
chapter demonstrates the six-wave mixing of optical and microwave fields in thermal
atomic vapor using Rydberg atoms [84]. The six-wave mixing process leads to the
parametric generation of a new optical field. Due to the parametric nature of the
process, the system is expected to respond faster, and the available coupling Rabi
frequency limits the response. This chapter describes a theoretical model of a four-
level system, and the wave propagation equations are solved for the generated field to
model the experimental results. The temporal response of the system is investigated

through amplitude modulation of the generated field. Finally, a theoretical study
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is performed to understand the effect of coupling rabi frequency on the modulation

bandwidth.

4.1 Generation of the new optical field due to six-

wave mixing process inside the atomic medium

19) 19)

Figure 4.1: Schematic of energy levels in the ladder configuration where |g) rep-
resents the ground state, |e) represents the intermediate state, |r) represents the
Rydberg state, and |r’) represents the second nearby Rydberg state. A probe field
(wp) couples the transition |g) — |e), and a coupling field (w,.) couples the transition
le) — |r). Two microwave fields, w, and (w, + J), are applied between the two
Rydberg states |r) and |r').

The energy level scheme for the six-wave mixing process is shown in Fig. 4.1. The
six-wave mixing of optical and microwave fields inside the atomic medium results
in the generation of the new optical field. It is a parametric generation process and

hence, is an instantaneous process. The limitation is set by the available coupling
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Rabi frequency. The phenomenon of parametric six-wave mixing is understood as
follows: absorption of a probe photon of frequency w,, absorption of a coupling
photon of frequency w,, absorption of a microwave photon of frequency w,, (w, +9),
emission of a microwave photon of frequency w, + ¢ (w,), emission of a coupling
photon of frequency w,, leading to the generation of new optical field at frequency
wp — 0 (wp +9).

The frequency of the generated optical field is given by w, £ = w, + w, +w, +
d(wy) — wy(wy + 6) — we. The generated optical field has a direction derived from
the phase matching condition as: l;pf = Ep + ke — Em + EM — k.. Ep and k, are the
wave vectors of the probe and coupling field. Em and IZMQ are the wave vectors of
the two microwave fields. Ep/ is the wave vector of the generated optical field. The
magnitude of the wave-vectors of the microwave field is negligible compared to the
magnitude of the wave-vectors of the optical fields. The microwave wave-vectors
cancel out each other as one of the microwave photon is emitted, and the other one
is absorbed. From the phase matching condition, it is found that the direction of

the generated optical field is along the direction of the applied probe field.

4.2 Theoretical model for six wave-mixing pro-
cess using four-level system

The theoretical model needed to explain the six-wave mixing phenomenon is a four-
level system, as shown in 4.1. As mentioned in the caption, the system consists
of states |g), |e), |r) and |r’) in ladder configuration and laser fields coupling the
transitions are wy, we, w,, and w, + 4. § is the frequency difference between the two
microwave fields. The second microwave field (w, + 6) is considered to be very weak
as compared to the first microwave field w,. The detuning of the probe, coupling,
and first microwave field from the corresponding atomic transitions are A,, A,
and A, respectively. The two-photon and three-photon detuning are defined as
0 = (A, +A,), and 62 = (A, +Ac.+A,) respectively and 93 = (A.+A,). The bare
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atomic Hamiltonian of the system is Hy = huwgele) (€] + M(wge + wer ) 1) (r| + Alwge +

Wer + wyp ) |7 (r'|. The laser fields are expressed as

= Epe_i“”’t +c.c (4.1)

.= E.e ™ + ce (4.2)

E’m = Eule’lw“t +c.c (4.3)
E’m = Euze_’(w“+5)t +c.c (4.4)

where E,, E,, E, and E,, are the amplitudes of the electric fields. The total

microwave electric field is written as
[ ] ;D —iwpt o —i(wp 0t 5 —iwut
E,=E,+F,=E,e™" +E,e " = E,e ™" (4.5)

where El = Em + E#Qe_iét. The Hamiltonian due to the interaction of the optical
field with the atomic medium is Hyy = —fi - E = —E,(ugelg) (e + pregle)(g]) —
Ec(pter|e)(r] + pre|r)(e]) — Eu(pre|r)(r'| + pirr]r’)(r|). The Rabi frequency of the

2Mer E.

probe, coupling and the two microwave fields is given by €2, = @, Q, = k=,

Q= @ and €, = % respectively. Without the loss of generality, all the
Rabi frequencies are considered to be real.
The total Hamiltonian of the system is given by H = Hy + H;n. After the use of

rotating wave approximation and in a suitable rotating frame, the Hamiltonian is

expressed as

0 Q 0 0
hl @ 24, Q. 0
0 QO 28,+A4A) Q +e P,

0 0 Q +eQ 28, +Ac+A4,)

The Hamiltonian acquired for the system is a time-dependent Hamiltonian even

after suitable unitary operations.
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4.2.1 Construction of the master equation

The master equation is written as:

.t

p=7lp, H] + Lo(p). (4.6)

The density matrix p is a 4 x 4 matrix and is written as p; ; with ¢, j = g, e,r, " and

the Lindblad operator is

e
Fegpee + Frgpr’r + Fr’gpr’r’ _Tgpge _%pgr —%Pgr'
Te Te
£ ( ) . - 2g peg Freprr - 1—‘egpee _’yfper _%per’
P _n _B r _ ()
2 Prg 2 Pre i Prlr! Y1 Prr ) Prr!
Te
—’2—2,07/9 ! gg—FW) Prie - (Wl';'%) Prir —20ry

where 1 =g+ [ye, 2o =Ly + Ty and y3 =T + e + Ty

Decay from |r) — |g) and |r') — |g) is not allowed as the transitions are dipole
forbidden. T'¢y, I'ye, I'y, denote the population decay between the dipole allowed
transitions. If an atom in the excited state goes out of the beam, then a new atom
enters the ground state. A decay process occurs due to the motion of the atoms
through the finite size of the beam, known as transit time decay. The transit time
decays are denoted by I',, and I',/,, which is taken to be 4.2 MHz. The decay values
are I'ey = 6 MHz, I',. = I/, = 0.01 MHz.

In a thermal atomic medium, the atoms move with velocity governed by Maxwell-
Boltzmann velocity distribution depending on the temperature of the system. For
the same velocity class of atoms and for counter-propagating configuration of the
probe and coupling fields, the detuning of the fields are modified as A, = A, — k,v,
Ac — Act+kevand Ay — A, —kyv. ky, ke, and k,, are the wave-vectors of the probe,
coupling, and microwave field, respectively, and v is the velocity of the atoms. For
the closed system, the sum of the population of the states pyg + pee + prr + pr =1
and for the steady state system p;; = 0.
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4.2.2 Perturbative expansion of the density matrix

The Hamiltonian for the system is a time-dependent Hamiltonian that cannot be
solved exactly. Hence, a method of perturbative expansion of the density matrix is
used to get to the solutions similar to the four-wave mixing process in a two-level

system, as discussed in [85]. The density matrix is expanded as

0 1) —j —-1) 4
pij =Py + ply e+ pl Vet 4 (4.7)

)

(0)

Vi, j. Here, p;;” are the 0" order density matrix elements similar to that of a simple

four-level system with a probe field, a coupling field, and only the strong microwave

field. p(D and pz(;l) are the 1°% order density matrix elements that come into the

ij
picture because of the presence of the second weak microwave field. The higher

(0) whereas

order terms are neglected. Polarization of the probe field is P(w,) o< p;;

the polarization of generated fields P(w, £ J) pgjﬂ).

As the density matrix is hermitian, pj; = p;;. = (pj; — pji) =0
0)* 0 —1)* 1 i 1)% —DA
= (pz(’j) - §z)) + (pz(‘j * §i))e o+ (pz(j) - 52 ))e =0,
neglecting the higher order terms. A complete set of orthonormal basis is formed

given by [1,e¥%!]. As the basis states are linearly independent, pz(?)* = pg-?), pg)* =

pg.i_l) and pgj_l)* = pﬁ). The diagonal elements of the unperturbed density matrix
represent the population of the respective states and hence are real. This implies
P = pii = pg) "= pz(? ), pﬁj "= p§; Y and pgz_ D = ple ). The diagonal elements for
0™ order density matrix are all real, but 1°¢ order diagonal density matrix elements

need not be strictly real.

4.2.3 0" order density matrix equations

The optical Bloch equations are written in terms of the expanded density matrix
given by Eqn. 4.7. The 0" order optical Bloch equations are derived by equating

the coefficients of e~ with § = 0 as:
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()~ UpY) + Tegpl + Tyl + Tl = 0 (45)
2[ 20,0 + 0, (2089 + p0 + p1)) — Q2 — QpY] — %pé? =0 (4.9)
%[—%pw o5 = o)+ Q) — Qepl] — %p(g?«) =0 (4.10)
520208 = Q) = QoY + Q) = Lol = 0 (4.11)

[Q*pge Qppgg) + Qcpre Q*per ] + FT€p1(“r) + FT epr12 o Fegpgg) =0 (412>

* * 0 * Y3
[Q o0 — 200 — 2 ) — ol + Qo) — D)) — 5Py =0 (413)

« (0) 0 (Tey +72) (0
2[ 26301 — Qo — QuupTY + Qpl) + Q)] — =20

)=0 (414
2 er ( )

[Q:pg?” QCPT‘G +Ql/41 p’r‘ r Q* prr’+QM2pr Iy Q* pr'r’ ] fylpg‘?”)_'_]‘—"r/""p(()) = O (415>

rirt T

[\

(71 + VQ)
(00 = p0) =y (05D — )] = 2% = 0 (4.16)

Qo _9oA
[ Loyt — 5

Hprr

[\

{ * 0 0 * 1 -1
S 1200000 = Q)+ QL) = Dl — 20 = 0 (4.17)

There are some higher order terms such as Qmpgr),7 Qmpgr Q*Qper,, Qung;l),

Qmprr , Q*me,,, Qmpi: ), Qusz T, , Q*2,0W,, Qu2p£,r which are very small and
hence, are neglected. Numerical methods are used to solve the 0 order equations
for the strong microwave field to get the ground to excited state coherence. The

ground to excited state coherence pég) for the thermal atomic medium is computed

using Maxwell-Boltzmann velocity distribution as

1 +00
)y — 0)g=v*/v; 4 4.18
(peg )D ﬁvp /_ Peg € v ( )

where v, represents the most probable speed of the atoms. The 0™ order optical
Bloch equations are the same as the Bloch equations of a simple four-level system

with a probe field, a coupling field, and a microwave field. Fig. 4.2 shows the
(0))

comparison of (peg )p derived from 0 order equations with that from a four-level
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Figure 4.2: Comparison of (a) Real and (b) Imaginary part of (pg;)) p calculated

from 0™ order equations with (pg?,)) p calculated from a four-level system. Other

parameters are €2, = 500 KHz, Q. = 4 MHz, Q, = 5 MHz, I'.; = 6 MHz, I',. = 10
KHz, I',, = 100 KHz, I,y = 10 KHz, I, = 100 KHz, A, = 0 and A, = 0. The

density of the atoms is 1.7 x 10 cm™3.

system where it is observed that the real and imaginary parts of (pé(;)) p match

perfectly for both the systems.

4.2.4 1° order density matrix equations

The 1% order optical Bloch equations are derived from the coefficients of e~ and
et Here, the first set of equations is derived from the coefficients of e~** and are
represented as:
(P = Q) + TegplED 4 Dol o Tyl =
2 (4.19)
i8(plED + plD + pit))
2[ 20,0V + Q2050 + oY 4 pUl) — Qo] = oS = —ispl) (4.20)
* +1) §a!
2[ 20100 = oy’ + Qupl = QepV) = PG = —ipliV (421
i +1 +1) 72 (+1 (+1
(720000 = QoY = Qg + uplV) = oV = —idpl) (422)
S 20,050 — 20D + Y 4 pU)) + Qepl V] — 2Pl = —idply (4.23)
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[Q*pge Qppfa—;l + Qcpre szgl ]+ Frepﬁf_l) + Fr’epﬁ;})_
(4.24)

(+1) _

Fegpee Z(;pg—ei_l)

* * V3
[Q s = 280p0 — 0 oY+ Qu(pl) = L) = AU = —isplY (4.25)
+1)] . (Feg + '72) (+1) _

Prrr 2 er (426)
(+1)

er’

2[ 253p(+1 Qulpgjl) - Quzper + Q*pgr + €

—10p

4 1) * * il
51200007 4+ iy + Quplly — ol + V) = Sl = —ispl) (427)

[ x
_[ Qplo’rg —I— ZA prjl) + Qﬂlpr ‘e + QMQpr e + Q (pee ) pg’i_l))]

2 B (4.28)
3 (+1) (5
oo = —iopl
[Qipﬁil = QuplD + Qb = @ ol + Qe8] — P+
(4.29)
Fr qu(nt}) - Zéprr
* 1
[Q per’ - 2Aﬂp'rr’ - Q,Ul (pﬁ’j’_l) - pfj;’)) QMQ (pg’?’) - p1(” 1)")]_
n 1) (4.30)
) = —iop))!
2
[252p 0 = Q) = Dol = sl (4.31)

I,
—< g;_ 72),07(21) —10p,., (+1) (4.32)

CT‘T‘

[253/)721 + Q8 D — Qi — ] -

(711 +72) (+1)

%[—Qcp( + 28,050 + Q5 (o5 — pU)) — = —idpl,)  (4.33)

r'e 2 pr Iy
[Q*1prr Qﬂlpfﬁ;l) QHQPS)Z] V2 /01(:’; ) 25p (434>

In a similar manner, the coefficients of €’ provide the other set of equations. First,

the zeroth order equations are solved for atoms at rest. The solutions of the zeroth
order equations are substituted into the first order equations, which are then solved
numerically for atoms at rest. The first order ground to excited state coherence pgl)

and pég” correspond to the fields generated at (w, + 0) and (w, — §) respectively.
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péjgd) is used to find the Doppler averaged susceptibility of the probe for the thermal

atoms as

+o0

N | pige | / (£1) p—v?/203
Pe v dy (4.35)
eE,E2E, B,V 21v, J - g

5
Xc(zf)f<wp +4) =

where N is the vapor density.

4.3 Experimental details
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Figure 4.3: (a) Schematic of energy levels of rubidium. (b) Experimental set-up.
HWP: Half-wave plate, PBS: Polarizing beam splitter, QWP: Quarter-wave plate,
M: Mirror, L: Lens, DM: Dichroic mirror, AOM: Acousto-optic modulator, L.O.:
Local oscillator, and DET: Photo-detector.

Fig. 4.3(a) shows the schematic of energy levels of rubidium used for the experi-
ment and (b) shows the optical set-up for the experiment. An ECDL (TOPTICA DL
PRO) at 780 nm is used to derive the probe beam (w,). The probe laser frequency
is stabilized using the SAS frequency locking technique discussed in Sec. 2.6.1. The
probe frequency is detuned by 1.2 GHz from the % Rb 5S1F =3 — 5P transition
(A, = 1.2 GHz). As the probe is largely detuned away from resonance, the probe
absorption is considered to be negligible. The probe beam has l radius of wp:32.3

pm, and the rabi frequency of the probe is calculated to be €, = I'¢g = 283
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MHz. I, is the intensity of the probe field, and I, = 1.67 mW/ cm? is the saturation
intensity for circularly polarized light. A frequency doubling cavity laser (TOPTICA
TA-SHG PRO) is used to generate the coupling beam (w,) at 480 nm. The coupling
laser frequency is stabilized using the EIT locking technique discussed in Sec. 2.6.2.
The coupling beam has é radius of w,=63.2 um, and the rabi frequency is calculated

to be Q. = T’ 21‘7;“ = 2 MHz where I, is the intensity of the coupling field. A

dichroic mirror is used to reflect the coupling beam and transmit the probe to make
the coupling beam counter propagate the probe beam. The probe and coupling
beam is focused at the center of the rubidium vapor cell, of length [, through lenses
of a focal length of 10 cm. The probe and coupling field satisfy the two-photon
resonance condition to the Rydberg state |r) while scanning the coupling frequency.
The probe beam is made right circularly polarized, and the coupling beam is made
left circularly polarized using quarter-wave plates for efficient coupling to the Ryd-
berg state. The probe beam is detected using a photodetector. Two synchronized
microwave signal generators are used for the two microwave fields. The microwave
fields are applied through two horn antennas placed at a distance of 32 cm from
the center of the vapor cell. The microwave fields travel along the horizontal plane
through the center of the vapor cell, and these fields are linearly polarized. The
first microwave field (w,,) is applied at a resonance frequency of 15.0895 GHz, which
couples the Rydberg state |r) to another nearby Rydberg state |r’). The second
microwave field (w, + §) is applied between the same Rydberg states where § is
the frequency difference between the two microwave fields, also called the beat fre-
quency. The first microwave field is a strong field and the second microwave field
is weak as compared to the first microwave field, i.e., €2, < €, . The vapor cell is

heated to 100 °C to maintain the atomic density at 6 x 10'? cm=3.

4.3.1 Optical heterodyne detection

The generation of a new optical field due to the six-wave mixing process is observed

through the optical heterodyne detection technique (OHDT). For OHDT, an addi-
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Figure 4.4: Spectrum analyzer signal showing 40 MHz beat signal along with two
side bands for 6 = 2 MHz.

tional field is used, which is derived from the probe beam. The derived beam is
shifted by 40 MHz using acousto-optic modulators (AOM), as shown in Fig. 4.3(b),
and is called the local oscillator (L.O.) field. The L.O. field has a frequency w, + 40
MHz. A PBS is used to interfere the L.O. field with the probe field. A polarizer is
used to optimize the interference of the fields. The two fields interfere to generate
a beat signal at 40 MHz. Since the fields generated due to the six-wave mixing
phenomenon at (w, £ 9J) travel along the same direction as the probe field (w,), they
also interfere with the L.O. field. This interference results in beat signal at (40 MHz
+ 0) and (40 MHz - 0). Fig. 4.4 shows the spectrum analyzer signal with 40 MHz
beat signal and beat signals at 38 MHz and 42 MHz for § = 2 MHz. Thus, we

have two frequency components generated at (w,+6) and (w, —J) which correspond

(+1 )

to coherence terms peg ) and pggl
Q, = 283 MHz, Q. = 2 MHz, Q,, = 80 MHz and Q,, = 40 MHz, A, = 1.2 GHz,
A, = —1.2 GHz, and A, = 0.

respectively. The experimental parameters are:
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4.3.2 Beat signal at ¢
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Figure 4.5: Beat signal at the spectrum analyzer for 6 = 2 MHz.

It is understood that the generated optical field (w, £ J) interferes with the
probe field (w,). The interference of (w, 4+ ¢) with w, and (w, — §) with w,, both
contribute to the interference signal or beat signal at frequency §. For the rest of
the experiment, the L.O. field is switched off, and the beat signal at ¢ is observed,
which is shown in Fig. 4.5.

4.4 Microwave-to-optical conversion efficiency

The microwave-to-optical conversion efficiency is calculated from the formula [82]
given below:
_ Ployes)/lwp £9)

= . 4.36
I(wu-i-ci)S/h(Wu + (5) ( )

P, +5) 1s the measured power of the generated optical field due to the six-wave mix-
ing process. I(,,+s) is the intensity of the microwave field which is being experienced

by the atoms. S is the interacting area of the microwave field and atomic medium
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given by S = [ x 2w,. Py, +s) is calculated from the heterodyne signal observed
in Fig. 4.4 and is found to be 74.75 x 107° yW for § = 2 MHz. The microwave
field strength experienced by the atoms, measured by observing the splitting of the
EIT signal, is measured experimentally to be 0.94 V/m. It is then used to calcu-
late I(y, 45 = 11.8 X 10~* W/m?. The microwave-to-optical conversion efficiency is
found to be n ~ 7.5 x 107° for § = 2 MHz. Fig. 4.6 shows the microwave-to-optical

conversion efficiency for three different §.

14

12}

1 2 3
5 (MHz)

Figure 4.6: Microwave-to-optical conversion efficiency for different ¢.

4.5 Strength of the § beat signal

Both the frequency components at (w, + ) and (w, — d) constructively contribute
to the 0 beat signal, whose strength is found by looking at the electric fields of the

probe and the generated fields. As discussed earlier, the probe field is expressed as

El = Eye it (4.37)
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and the generated fields are similarly expressed as
B} = By e (@rtd)ton) (4.38)

E; = B e ()t (4.39)

where E1; are the complex amplitudes of the generated fields. ¢; and ¢, are the
phase acquired by the generated fields due to the six-wave mixing process, which
are very small. The light intensity resulting from the interference of the probe field

with the generated fields is given by

(Epe—iwpt + E+1e—i((wp+6)t+¢1) + E_le—i((wp—é)t+¢2)>(Epe—iwpt+

oM e~ illwptd)itor) L B efi((wpf5)t+¢2))*
(4.40)
=By + | Esa| + | E_1]? + 2B, By cos(5t + 1)

+2E,E_1 cos(0t — ¢2) + 2E1 E_y cos(20t + ¢1 — ¢2)

The first three terms are d.c. intensity terms where the first term is due to the probe
field, and the second and third terms are due to the generated field. The fourth
and fifth terms represent the intensity due to interference of the probe field with the
generated field. The last term is the higher harmonics term, which occurs due to the
interference of the generated fields. The beat signal is represented as Ag cos(dt + ¢).
If Ag cos(dt + ¢) is compared with the terms containing the interference of the probe

and the generated field, i.e., 2E,E cos(6t + ¢1) + 2E,E_; cos(dt — ¢9), it is found

that
_ 2E,Eysin(¢1 + ¢2)  2E,E_ysin(¢y + ¢s)
=T e smi-9) )
Eii¢1 — E_
¢ = *Jﬁ — Ei@' (4.42)

The strength of the beat signal is directly proportional to the electric field amplitude
of the probe and the generated fields. They also depend on the phases acquired by
the generated fields due to the x(® process.
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4.6 Wave propagation equations

To model the experimental results, the wave propagation equations [85] are solved
for the generated fields. The system is studied under conditions of perfect phase
matching, i.e., Ak = 0. The slowly varying amplitudes F.; follow the equations as

given below:

dE4,
dz

= —OéilE:tl + K1 (443)

Here, the non-linear absorption in the medium is given by
o = ——Im(xW) (4.44)

and the non-linear coupling coefficients are

Ka1 = —ig%xg?f(wp + §)E,E*E, E,,. (4.45)
The non-linear coupling coefficients corresponding to the generated frequencies con-
tain the susceptibility due to the six-wave mixing process. E,, E., E,, and E,,
denote the complex electric field amplitudes of the probe field, coupling field, strong
microwave field, and weak microwave field respectively which are kept constant dur-
ing the experiment. ki; denotes the propagation constant of the generated fields,
and n4, denotes the real part of the refractive index experienced by these fields.
As the probe is largely detuned from resonance, i.e., A, = 1.2 GHz, the probe
absorption and hence, the absorption of the generated field is negligible. y") repre-
sents the effective linear susceptibility, and Xi‘r})f represents the effective fifth-order

susceptibility due to the six-wave mixing process.

The wave propagation equations for the generated fields are solved to find out

the solution as

By = L1 — emowl), (4.46)
a4

Since the probe is far detuned (1.2 GHz) away from resonance, the absorption of the
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probe and generated field can be neglected, i.e., ax; = 0. Using Taylor’s expansion

of e=@*1! and keeping the first order terms, the solution is given as
B =kl (4.47)

where [ is the length of the vapor cell. From the above equation, it is obvious that the
amplitude of the generated field is directly proportional to k4. The total amplitude
of the beat signal is given by Eqn. 4.41, which is used to model the experimental

results.

4.7 Observations

4.7.1 Beat signal strength as a function of ¢

The beat spectrum due to interference of the generated optical field with the probe
field is studied as a function of 6. With the strong microwave field (w,) on reso-
nance, i.e., A, = 0, the beat frequency is varied by scanning the weak microwave
field (w, + 6). It is observed that the strength of the generated beat signal is
maximum when the weak microwave field is near the resonance (6 ~ 0). The beat
strength decreases as the weak microwave field is scanned away from resonance. The
generation spectrum is shown in Fig. 4.7 with FWHM of ~ 17 MHz. A qualitative
agreement is observed between the experimental results and the theoretical model.
The theoretically generated spectrum is symmetric around the resonance. But the
experimental plot is broader along the left side of the spectrum. This is attributed
to the fact that there is the contribution from another nearby Rydberg state or
the fine structure state |52D% ) which is lying at around 80 MHz away from |52D%)
state. This is not taken into account in the theoretical model. Also, there are small
features at 6 = +80 MHz around the main peak. This is due to the formation of
dressed states by the strong microwave field with Rabi frequency €2, = 80 MHz,

which is discussed in detail in the next section. The bandwidth of the generation
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Figure 4.7: Beat signal amplitude with varying ¢. Experimental parameters used
are: (), = 283 MHz, Q. = 2 MHz, Q,, = 80 MHz and Q,, = 40 MHz, A, = 1.2
GHz, A, = -1.2 GHz and A, = 0.

spectrum and the strength of the generated optical field are not fundamentally lim-
ited. Instead, it is limited by the available coupling power. With a larger available
coupling Rabi frequency, larger bandwidth can be achieved, which will be discussed

in the later sections.

4.7.2 Dressed state formation due to strong microwave field

The formation of two small features at § = + 80 MHz can be explained with a
dressed state picture as discussed in Sec. 2.2.2. When the strong dressing microwave
field is on resonance, the frequency difference between the dressed states is equal to
the Rabi frequency of the dressing field, and the dressed states are equally spaced
away from the resonance. The formation of the dressed states depends on the Rabi

frequency of the strong microwave field, which is €2, = 80 MHz. As shown in Fig.
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Figure 4.8: Schematic of dressed state picture due to the strong microwave field
(w,) with Rabi frequency €,,,.

4.8, the strong microwave field splits the states such that we have four probabilities.
When the weak microwave field is scanned, we observe three peaks. Two possible
transitions correspond to strong microwave field frequency w,,,. They give rise to the
main peak at around 6 = 0. The transition corresponding to frequency (w, + €,,)
gives rise to the small feature at 6 = 80 MHz and the transition corresponding to

frequency (w, — €2,,) gives rise to the feature at 6 = —80 MHz.

4.7.3 Beat strength as a function of (),

The generated optical field increases with an increase in the Rabi frequency of the
probe field, as shown in Fig. 4.9. It shows the beat signal amplitude’s dependence on
the probe field’s power.The x-axis in the plot is the peak Rabi frequency at the center
of the cell. The observed beat amplitude corresponding to each peak Rabi frequency
is an average effect due to the different Rabi frequencies over the length of the cell.
Hence, instead of using the model to fit the data a polynomial function is used. It

follows the polynomial function y = a1z + asx® + azx® + ... which is represented
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Figure 4.9: Beat signal amplitude with varying €2, for fixed 6 = 10 MHz. Blue
open circles are the experimental data and red line is a fit to the polynomial y =
a1 + asx® + azx® with a; = 0.18 £0.11, ay = 5.07E — 5+ 4.85E — 6, and a3 =
—4.56EF — 10 + 4.69EF — 11. Other experimental parameters used are: €2, = 283
MHz, Q. = 2 MHz, Q,, = 80 MHz and 2,, = 40 MHz, A, = 1.2 GHz, A, = —1.2
GHz, and A, = 0.

by red line. a; corresponds to the contribution due to the x® process, whereas as
and a5 are contribution due to the higher order (7 and y¥ processes respectively.
After certain values of €2, the beat amplitude does not increase with the increase in
probe power; it saturates due to the higher order nonlinear processes. For the rest
of the experiment, the probe power is fixed at the value where the maximum beat

strength is observed.

4.7.4 Beat strength as a function of A,

We also study the newly generated optical field as a function of the detuning of
the microwave fields from the atomic resonance. We detune the microwave fields

away from the atomic resonance by varying A, and keep the frequency difference
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Figure 4.10: Beat signal amplitude with varying A, for fixed § = 5 MHz. Other
experimental parameters used are: 2, = 283 MHz, ). = 2 MHz, Q,, = 80 MHz
and €, =40 MHz, A, = 1.2 GHz, and A, = —1.2 GHz.

between the microwave fields fixed at § = 5 MHz. We observe the generation of
the new optical field in a wide frequency band with an FWHM of nearly 400 MHz,
as shown in Fig. 4.10. The experimental plot and the theoretically generated data
qualitatively agree with each other. The extra features in the experimental plot
are due to the nearby fine structure Rydberg state |52D %> lying nearby, which have
not been accounted for in the theoretical model. In all these experiments, we have
ignored the reflections of the microwave from the surface of the optical table and

from the surface of the vapor cell.

4.7.5 E-field strength of weak microwave field in free space

When the microwave field is radiated from the horn antenna, it travels in free space

to interact with the atomic medium. To understand the dependence of beat strength
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on the power of the weak microwave field, its electric field strength in free space is
needed to be known. This calculation is valid for a far-field region where the wave
is assumed to be a spherical wave. Let P, be the power output from the microwave
source. A horn antenna radiates this power with a gain of G in dB. As the waves
travel in free space, they spread out like spheres of increasing radius. At distances far
away from the antenna, i.e., in the far-field region, the wavefronts are approximated
to be spheres, and the source is considered a point source. The radius of the sphere
increases with the square of the distance d?. The total power carried by the wave
doesn’t change but keeps on spreading on larger surfaces. Hence, the power density

has d% dependence. The power density at a given distance d is

S=g (4.48)

where ¢ is the gain that gives the measure of the antenna’s ability to give direction
to the radiated power. g is found from the relation G = 10log;,(g). S is also called
the Poynting vector. The relation between the Poynting vector and the strength of

the electric field is given by
E2

S =
Zo

(4.49)

where Zy=377 () is the characteristic impedance of the vacuum. The above relation

is used to find out the electric field strength of the weak microwave field.

4.7.6 Dependence of the beat strength on weak microwave
power

The dependence of the beat strength on the power of the weak microwave field
is studied by increasing the power of the weak microwave field and recording the
amplitude of the beat signal. From the microwave source’s output power, the weak
microwave field’s electric field strength is calculated as discussed in the previous
section. Here, the antennas are placed at a distance of 32 cm from the atomic

vapor cell; hence, the calculation is done considering the far-field regime. A linear
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Figure 4.11: Beat signal amplitude with increasing weak microwave field strength
at 0 = 10 MHz. Other experimental parameters used are: €2, = 283 MHz, (2. = 2
MHz, Q,, =80 MHz, A, = 1.2 GHz, A, = —1.2 GHz and A, = 0.

increase is observed in the beat strength with increasing microwave field strength,
as shown in Fig. 4.11. This linear increase is expected from the wave propagation
equations where Fiy o< k41 o< Ey,. The experimental data is fitted with a straight
line equation y = a * I, where a = 16.64 = 0.22 acts as a gain in the system. The

antenna gain (G) is around 15 dB. Here, the antenna gain G includes any losses

from the antenna.

4.8 Temporal response of the system

Rydberg EIT-based microwave field sensing techniques have been exploited to find
the data transfer rate in atomic systems. The requirement is larger modulation

bandwidth. As discussed in the previous chapter, the system can have a data transfer
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rate of a few Mbit/s, as the modulation bandwidth is limited only to a few MHz by
the optical pumping rate to the EIT dark state. Since the six-wave mixing process
in the thermal vapor system is a parametric generation process, it is expected to be
faster than the on resonant EIT-based sensing techniques.

The temporal response is investigated through amplitude modulation of the gen-
erated optical fields. A message signal encoded into a carrier wave is similar to
the amplitude modulation of the carrier wave. Consider the modulation wave to
be m(t) = Apcos(vt), where Ay is the amplitude of the modulation wave, and v
is the modulation frequency. The carrier wave is represented as c¢(t) with com-
plex amplitude A. After amplitude modulation, the modulated wave is expressed

m(t)

as (14 ™2)e(t) = (1 + meos(vt))c(t) where m = 42 is the modulation index with

m < 1.

frmmm v=70 KHz for 5=2 MHz

250
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Figure 4.12: Amplitude modulated signal with side bands for 6 = 2 MHz and v = 70
kHz. Other experimental parameters are: €2, = 283 MHz, 2, = 2 MHz, 2, = 80
MHz and Q,, =40 MHz, A, = 1.2 GHz, A, = —1.2 GHz, and A, = 0.

Amplitude modulation of the weak microwave field results in amplitude mod-
ulation of the generated optical field due to the six-wave mixing process inside
the atomic medium. The generated field acts as a carrier wave for the mod-

ulation wave. After amplitude modulation, the generated fields are written as
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(1+mecos(vt))E4 €@t Amplitude modulation results in the generation of side-
bands around the carrier wave at frequencies (w,49)%v. As we know, the generated
field interferes with the probe field to give the beat signal at ¢ and hence, the gen-
erated sidebands are observed at (§ &+ v) as shown in Fig. 4.12 where 6 = 2 MHz
and v = 70 kHz. The total intensity after the amplitude modulation is given by the
interference of the probe field, and the amplitude modulated generated fields. This

total intensity is found to be:

|E, et + (14 mcos(vt)) E 4@ 2 4 |E et 4 (1 4 meos(vt))E_je @0t

2

m
= 2B+ [En* + Bl + m* (B +1Eal’) + 5 (1Eal® + [Ea ) cos(2vt)+
2m(|Eu|* + |E_1*)cos(vt) + 2| Ep|(|Ey1] + |E_1|) cos(5t)+

m|Ep|(|E41| 4+ |E-1])(cos(d + v)t + cos(d — v)t).

(4.50)

The first term is a d.c. term corresponding to the intensity due to the probe field.
The second, third, and fourth terms are also d.c. terms that correspond to the
intensities due to the generated fields. The sixth term represents the modulation
wave at frequency v, and the fifth term denotes the higher orders generated due to
the modulation wave. The seventh term corresponds to the carrier wave at frequency
0, and the last two terms represent the sidebands due to the amplitude modulation

of the carrier signal generated at frequencies (6 4+ v) and (§ — v).

Taking the ratio of the amplitudes of generated sidebands to the amplitude of
the carrier signal gives
_m|E ([ Enl+Ea]) _ m

R = = — 4.51
21 B, 1 (| B | +1Ea]) 2 450)

Experimentally, the ratio of the amplitude of the generated sidebands to the ampli-
tude of the un-modulated carrier signal is found out for a given §. For example, in

Fig. 4.12, the amplitude of the generated side bands along with the modulated car-
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Figure 4.13: m with varying modulation frequency v at 6 = 2 MHz for the upper
sideband at (§ 4+ v) and lower sideband at (6 — v). The experimental parameters
are: (), = 283 MHz, Q. = 2 MHz, Q,, = 80 MHz and Q,, = 40 MHz, A, = 1.2
GHz, A, = -1.2 GHz and A, = 0.

rier wave for 6 = 2 MHz and v = 70 KHz is observed. With the modulation signal
not switched on, the amplitude of the un-modulated carrier wave is measured. The
base offset is subtracted from the peak value, and the amplitude of the peak-to-peak
is calculated. By taking the ratio as discussed, the value of the modulation index
is calculated. By comparing the experimentally found value with eqn. 4.51, the
modulation index m is determined as a function of modulation frequency v. The
value of m is calculated for both the upper and lower sidebands as a function of the

modulation frequency represented by Fig. 4.13.

4.8.1 Modulation bandwidth

The generation of sidebands is observed up to a certain modulation frequency for the

given experimental parameters. For given § = 2 MHz, the bandwidth of the mod-
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Figure 4.14: Comparison of the modulation spectrum with the normalized beat
spectrum due to the six-wave mixing process. Cyan open circles represent the beat
spectrum given by Fig. 4.7. Blue and red open circles represent m for the upper
and lower sideband of the modulated signal, respectively, at 6 = 2 MHz. The other
experimental parameters are: (), = 283 MHz, Q. = 2 MHz, @, = 80 MHz and
Q,, =40 MHz, A, =1.2 GHz, A, = —1.2 GHz, and A, = 0.

ulation spectrum is observed to be ~ 17 MHz. The bandwidth of the modulation
spectrum determines the system’s data transfer rate. This bandwidth is limited by
the available coupling power. To verify that, the bandwidth of the modulation spec-
trum is compared with the normalized beat generation spectrum as shown in Fig.
4.14. Since the beat frequency is fixed at o = 2 MHz, the m value for the sidebands
is plotted by adding 2 MHz to the modulation frequency (x-axis of modulation spec-
trum) for comparison with the x-axis of the beat spectrum. The bandwidth of both
spectrums is in good match with each other. In this system, a parametric six-wave
mixing process is observed, which is faster than the EIT systems. As discussed ear-
lier, it has been demonstrated that the two-photon Rydberg EIT system can have
a data transfer rate of 8.2 Mbit/s with a signal bandwidth of nearly 1 MHz [40].
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The bandwidth in EIT systems can be increased with an increase in coupling Rabi
frequency leading to a decrease in the sensitivity of the detected microwave field,
which is limited by the EIT bandwidth. The limitation to the bandwidth in the
parametric system discussed in this chapter and hence, the limit to the data trans-
fer rate is because of less coupling Rabi frequency. An increase in the coupling Rabi
frequency does not compromise the sensitivity of the detected field in such para-
metric processes. Hence, a faster data transfer rate can be achieved with a higher
available coupling Rabi frequency, which has been theoretically demonstrated in the

next section.

4.9 Effect of large coupling Rabi frequency on

beat spectrum

a b
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Figure 4.15: Theoretically generated spectrum for A’ as a function of ¢ for (a)
. = 2 MHz and (b) Q. = 50,100 MHz. Other parameters used are: €, = 300
MHz, ©,, = 80 MHz and ©Q,, = 1 MHz, A, = 1.2 GHz, A, = —1.2 GHz and
A, =0.

In order to determine the signal bandwidth that can be achieved with this system,
a theoretical study is performed to understand the effect of coupling Rabi frequency
on the beat generation spectrum A’ = S;ﬂ(b;:f ) I oo eg De=v*/20} 4y, For the res-
onance condition discussed in the above sections with A, = 1.2 GHz, A, = —1.2
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GHz, and A, = 0, an increase in coupling Rabi frequency results in extra peaks
due to formation of dressed states and also the bandwidth of the spectrum does
not increase as shown in Fig. 4.15. So the system is investigated at off-resonance
condition i.e., A, = 1.2 GHz, A, = —0.6 GHz and A, = 0.2 GHz as shown in Fig.
4.16(a). To be able to understand the observations in the thermal vapor system,

first, the system is studied considering the atoms to be at rest.

(a) (b)

)
8, = 0.6 GHz i) 6, = 0.6 GHz
A= —-0.6GHz A,= —0.6 GHz
Ap=12GHz ¢ == = = = 8p=12GHz 4 =f= = = =

1g) lg)

Figure 4.16: Schematic of energy levels: (a) for off-resonant condition with two-
photon detuning §; = 0.6 GHz and three-photon detuning d, = 0.8 GHz and (b)
weak microwave transitions (yellow lines) corresponding to the two peaks at 6 = 0.6
GHz and 6 = 0.8 GHz.

4.9.1 Investigation in a system with atoms at rest

First, the A’ spectrum is studied for low Rabi frequencies, i.e., Q, = 10 MHz,
Q. =2 MHz, Q,, = 10 MHz and €),, = 1 MHz, which is shown as an inset in Fig.
4.17(a). Application of a strong microwave field at the off-resonant conditions leads

to the formation of dressed states, leading to many possible peaks while scanning
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Figure 4.17: Theoretically generated spectrum for A" with atoms at rest as a func-
tion of ¢ for: (a) €2, = 300 MHz, Q. = 2 MHz, ,, = 80 MHz and Q,, = 1 MHz.
Inset shows the spectrum for €2, = 10 MHz, Q. = 2 MHz, €, = 10 MHz and
Q,, =1 MHz. (b) Q, = 300 MHz, Q. = 100 MHz, Q,, = 80 MHz and ©,, =1
MHz. Other parameters used are: A, = 1.2 GHz, A, = —0.6 GHz and A, = 0.2
GHz.

the weak microwave field. But the stronger contribution comes from two possible
weak microwave field transitions. These transitions are represented by yellow lines,
as shown in Fig. 4.16(b). Two peaks are observed at 6 = 600 MHz and § = 800
MHz. With the increase in the laser Rabi frequencies to €2, = 300 MHz, Q. = 2
MHz, €2, = 80 MHz, and ,, = 1 MHz, the peaks are shifted due to light shifts
introduced into the system by the laser fields as shown in Fig. 4.17. Also, the
two peaks split because of the formation of dressed states due to high probe Rabi
frequency. An increase of coupling Rabi frequency to €2, = 100 MHz leads to an
increase in the strength of A’ whereas the spectrum bandwidth remains the same,

which can be observed in Fig. 4.17(b).

4.9.2 Effect of large coupling Rabi frequency in thermal sys-

tem

In the thermal vapor system, along with the light shift factors of the laser fields,

there is a wave-vector mismatch between the probe and the coupling field. At low
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Figure 4.18: Theoretically generated spectrum for A" as a function of § for (a) Q. = 2
MHz and (b) 2. = 10,50,100 MHz. Other parameters used are: 2, = 300 MHz,
,, =80 MHz and Q,, =1 MHz, A, = 1.2 GHz, A, = —0.6 GHz and A, = 0.2
GHz.

coupling Rabi frequency of €2, = 2 MHz, the two peaks are observed as shown
in Fig. 4.18(a). The peaks are shifted from 6 = 600 MHz and § = 800 MHz
due to wave-vector mismatch as well as the light shift factors and the frequency
difference between the peaks is ~ A#Z—’:. An increase in coupling Rabi frequency
leads to the broadening of the A’ spectrum, as shown in Fig. 4.18. For the left side
peak, it is observed that the width of the spectrum is equal to the coupling Rabi
frequency. Hence, the bandwidth of the modulation spectrum will also increase
with the increase in coupling Rabi frequency. If the coupling Rabi frequency can
be increased to 100 MHz, a beat spectrum with a bandwidth of 100 MHz can be
achieved. The power requirement for achieving such coupling Rabi frequency is
nearly 27 Watt with 1/e beam radius of 50 pym. In the current scenario, achieving
such large power is difficult. 27 Watt is a quantitative estimate of the power required
to achieve such larger bandwidth. The observation clearly indicates that this system

is advantageous for a faster data transfer rate.



Six-wave mixing of optical and microwave fields using Rydberg atoms in thermal atomic
92 vapor

4.10 Conclusion

The six-wave mixing of optical and microwave fields in thermal rubidium vapor
results in the parametric generation of a new optical field. The frequency of the
generated field depends on the frequency difference between the two microwave
fields, and the direction is along the probe field. The system has a generation
bandwidth of 17 MHz limited by the available coupling Rabi frequency. A theoretical
investigation demonstrates that a larger coupling Rabi frequency of 100 MHz can
lead to a generation bandwidth of 100 MHz. This study in thermal vapor systems
provides a robust platform for larger bandwidth of microwave-to-optical conversion

and hence, a faster data transfer rate.



Chapter 5

Study of electromagnetically
induced transparency (EIT) using
four-photon excitation to the
Rydberg state in thermal atomic

vapor

Microwave field sensing with Rydberg atoms is performed with a two-photon ex-
citation [68] process to the Rydberg state [12] under the conditions of EIT. The
two-photon excitation processes to the Rydberg state in thermal atomic vapor have
a large wave-vector mismatch. This leads to significant motion-induced dephasing
in the system. There are studies that propose achieving Doppler-free conditions
for EIT with three-photon excitation processes using suitable beam geometry [86].
Also, there are proposals for eliminating the motion-induced dephasing using four-
photon excitation to the Rydberg state [87, 88]. Still, the four-photon excitation
process has not been discussed in detail. This chapter provides an atomic model of

a five-level system to study EIT using the four-photon excitation to the Rydberg
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state in thermal atomic vapor [89]. The system achieves EIT using an effective
probe and coupling transition where the variation of EIT peak transmission with
wave-vector mismatch is studied. The method of adiabatic elimination is discussed,
which reduces the five-level system to an effective three-level system. Finally, an ex-
perimental proposal is provided where motion-induced dephasing can be eliminated

using suitable beam geometry.

5.1 Five-level atomic model for four-photon exci-

tation to the Rydberg state

T 1)
R S 2Aq
rr-g Wy rre”
")

19)

Figure 5.1: Energy level scheme of a five-level system in the ladder configuration.

Consider an atomic system of five energy levels represented by Fig. 5.1. The
ground state is represented by |g), first excited state or intermediate state by |e),
second excited state or second intermediate state by |€'), third excited state or third

intermediate state by |e”) and final excited state or Rydberg state by |r). Excitation
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from |g) — |e), |e) — |€’), |€') — |e€”) and |€”) — |r) are dipole allowed with wpy, wos,
wo3 and wpy being the corresponding atomic transition frequencies. The excitation
from |g) — |¢/) and |e¢/) — |r) are dipole forbidden. A probe field at frequency
wy drives the transition |g) — |e). Fields at frequencies wy, w3 and wy drive the
transition between the states |e) — |€/), |¢/) — |€”) and |e¢”) — |r), respectively.
The laser electric fields are represented as E’l = Ele_iwlt +c.c, E’Q = Eée‘“ﬁ +c.c,
E’g = Eﬁge_““t + c.c and 5’4 = E4e_iw4t + c.c. The detunings of the various fields
from the corresponding atomic resonances are given by Ay = w; —wp1, Do = wa—wp2,
Az = w3 — wpz and Ay = wy — wos. The two-photon, three-photon and four-photon
detuning are defined respectively as do = (A1 + Ay), d3 = (A1 + Ay + Aj3), and
0y = (A + Ay + Az + Ay). Two other detunings are defined as §5 = (A + Aj),
ds = (Ag + Az + Ay), and §7; = (A3 + Ay). The Rabi frequency of the four laser

2 E 2 E 2 E 2 E
Hge 1, Q2 — Me%/ 2’ Q — el o1 103 and Q4 — Wett  Loa

fields are given by ; = =% & - Hges

ee' s lerer and fier,. denote the transition dipole moments. Ey, Fs, Es and E4 denote
the electric field amplitude of the four laser fields with frequency wy, ws, w3 and wy

respectively.

The total Hamiltonian for the five-level system is represented as H= Hy+ H;p,
where Hy = hwle)(e| + h(wr + wa)|e’) (€| + A(wr + wa + w3)|e”) (€”| + h(wy + w2 +
ws 4 wy)|r)(r| is the bare atomic Hamiltonian and Hyy = —fi- E = — By (pge|9) (€] +
pegle){gl) =B (pieer e} (€'|+prerel€’) (€)= Es(peren |€)(€” |+ perer |€") (€ ) = Ea(pierv|€”) (| +
e |7)(€”]) is the interaction Hamiltonian which represents the atom-light interac-
tion taking place. The use of rotating wave approximation in a suitable rotating

frame makes the total Hamiltonian time-independent and is represented as

0 & 0 0 0
Q271 Q 00
H=—>| 0 @ 25 Q5 o0
0 0 Q 25 Q

0 0 0 Q 265
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5.2 Construction of the master equation

The master equation which leads us to the equations of motions is

l

h

p=zlp, H + Lo(p). (5.1)

The density matrix p is a 5 X 5 matrix and is represented as p;; with ¢,j =
g,e, e, e” r. The Lindblad operator representing the decay and decoherence terms
is given by

LDgg LDge LD / LD " LDgr

LD LDee LDGE/ LDEE// LDer

€9

Lo(p)=| Lp, Lp, Lp,, Lp,, Lp,

e'g e'e e'e e'e e'r

e'le

LDEIIg Z—JDE//E LD ury LD 111 LD 11

Lp,, Lp, Lp,, Lp_ Lbp,

where the different matrix elements are given as below:

Lp,, = Uegpee + Lergperer + Uengperer + g prr

Lp, = _%Fegpge

Lp,, = ~5(Tuy + Tuo)ppe

Lp,, = —4(Tery + Torr)pyer

Lp, = ~3(Teg + Trer)pye

Lp., = _%Fegpeg

Lp,. = Teepeer = Legpee

Lp,, = —1(Tog+ Tee + Teg)pee

Lp,,, = —5(Cerg + Terer + Teg)peer

Lp,, = =3(Trg + Trer + Teg)per

LDe/g = _%(Fe’g + Lere)perg

Lp,, = —5(Leg + Tee + Leg)pere

Lp,, =TLererpener — (Lerg + Tere) perer

Lp,., =—3cec+Teg+Terer + Leng)perer
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Lp, =—3Tee+Tog+Tren + Lhg)pern
LDeug = _%(Fe”g + Fe”@’)ﬂe”g
Ly = =3 Lerg + Terer + Teg)pere
Lp,, = —5Lee+Teg 4 Tenes + Leng) pener

Lp,y =Trerprr — Lerg + Dener) pener

Lp,, = —3Lere 4+ Teng + Lrer + Trg) pery

Lp,, = _%(Frg + Lyer)prg

Lp,. = —5(Trg + Tren + Teg)pre

Lp,, =—3Ccc+Teg+Trer +Trg)prer

Lp_, = =T + Teng + Dyer + Tog) pren

Lo, = Ty + Tour)prr

Iy, 'ere, 'ener and I'yer are the population decay rates through the dipole allowed
decay channels. The transit time decays of the excited states through the transverse
direction of the beam are I',,, I'ery, and I'ery. The decay values used in the model

for calculation are I'.; = 6 MHz, I'. = 0.65 MHz, I'.ve = 0.3 MHz and I',e» = 0.01
MHz. The transit time decay rates are 0.2 MHz.

5.3 Optical Bloch equations

The optical Bloch equations are solved for the steady state, i.e., p = 0 to get the

density matrix equations as

%(leeg — Qipge) + Degpec + Turgpeer + Tngperer + Tygprr =0 (5.2)

1 r
5[7280pge + Q1 (2pec + peer + perer + prr) = Q1 = Qypger] = —Fpge =0 (5.3)
%[—25gpge/ — Q3pger + Qi peer — Qapge] — wpge’ =0 (5.4)
2y — Qe+ Qups — Uupy] - LD g (s)
%[_254pgr — Qupger + Qi per] — wpgr =0 (5.6)
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%[Qipge = N peg + Qapee — Qpeer| + Teepere + Treprr — Tegpee = 0 (5.7)
iy — 2t~ D + Ol — pe)] - LT g 5
%[—Qspee/ — 205peer — Quper + Qi pger + Qoperen] — Ly + Fe;g T Lere) peer =0 (5.9)
%[—256per — Qupeer + QU pgr + Qaper] — (Ley + Fgg SRAZ P (5.10)

i * *
5[92)066’ - Q2pe’e + Q3pe”e’ - Qgpe’e”] - (Fe’e + Fe’g)ﬂe’e’ + Fe”e’pe”e” =0 (511)

(Cere + Lerg 4 Tener 4 Lenyg)

i *

5 [QQPee” — 2A3pe’e” — Qg (pelel — pe”e”)] — 2 pe’e” = O (512)
) Fe’e Fe’ Fre” FT‘
%[QQPer - 257/)6’1" + Q3pe”r - Q4pe’e”] - ( * . ; * g)pe"r =0 (513)

i * *
é[QSpe/e// — Q3p€"e’ + Q4pre// — Q4p€//r] — (Fe//e/ + Fe”g)pe”e" —I— Freupr,’, = 0 (514)

(Fe”e’ + Feng 4+ Lo + Frg)

o =0 (5.15
5 p (5.15)

1

5[93pe’r - 2A4pe”r + Q4prr - Q4pe”e”] -
4 *
§[Q4p€”r — Q4p7‘e”] — (FTg —+ FT‘@”)prr =0 (516)

Numerical methods are used to solve the density matrix equations and find out the

ground to excited state coherence pe,g.

5.4 EIT in a four-photon excitation process

To observe the EIT using the four-photon excitation process to the Rydberg state,
as described in the above section, a few concepts that are needed to be understood

are described below.

5.4.1 Geometry of the laser beams

The laser beam geometry is shown in Fig. 5.2, where all the beams propagate
co-linearly through the atomic vapor medium. Laser field with frequency ws counter-

propagates the field with frequency w; and field with frequency w, counter-propagates
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W3

Wy

Figure 5.2: Schematic of the laser geometry through a Rb vapor cell consisting of
four laser fields of frequencies wy, wsy, w3, and wy.

the field with frequency ws. Fields with frequency w; (w2) and w3 (w4) co-propagate
with each other. The magnitude of the wave vectors of the four fields are given by

kl, kg, kg and k4.

5.4.2 Energy level scheme for EIT

The five-level system is coupled by four laser fields, and the details have been dis-
cussed in Sec. 5.1. Here, none of the lasers satisfy the single photon resonance. But
the excitation from the ground state (|g)) to the second excited state (|e’)) satisfies
the two-photon resonance. Similarly, the excitation from the second excited state
(l¢')) to the Rydberg state (|r)) satisfies the two-photon resonance. The laser beam
with frequency w, is kept largely detuned from resonance by detuning A;. Laser
beam with frequency ws and detuning A is scanned around A; such that the two-
photon resonance condition is satisfied by the |g) — |€/) transition. Transition from
lg) — |€’) is called as the effective probe transition. Similarly, the laser beam with
frequency ws is kept largely detuned from resonance with detuning Ajz. The detun-
ing A4 of beam with frequency wy is adjusted around As such that the two-photon
resonance is satisfied by |¢/) — |r) transition. Transition from |e’) — |r) is called as

the effective coupling transition. The effective probe and coupling transition satisfy
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Figure 5.3: Energy level scheme of the five-level system representing the conditions
to satisfy EIT.

the conditions of EIT even though single photon resonances are not satisfied by the

individual laser fields.

5.4.3 Doppler averaging

Since the study is based on a thermal vapor system, we need to consider the thermal
motion of the atoms and the beam geometry presented in Fig. 5.2. For the thermal
atomic medium, the detunings are modified as A; — A7 — kv, Ay — Ag + kav,
Az — Az — ksv and Ay — Ay + kv, where v is the velocity of the atoms in the
vapor. ks is considered to be greater than kq, i.e. ks > ki and k3 is considered to be
greater than ky, i.e. k3 > k4. Hence, the effective wave vector of the effective probe
transition is defined as k, = ko — k; and the effective wave vector of the effective
coupling transition is defined as k. = k3 — k4. The residual wave vector of the system
is found as Ak = k. — k.

The susceptibility of the probe field coupling the transition from |g) — |e) is
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calculated as

(g0 f(oydo = 2N e 1R (5.17)
X 2, - 56091 \/E'Uppeg 2, .

where yi4. is the dipole moment of |g) — |e) transition, N is the density of the atoms
inside the atomic vapor medium, and v, is the most probable speed of the atoms.
The transmission of the probe beam is given by 7' = (%) = e(=®) where « is the
absorption coefficient and is given by a = $(x)k1l. [ is the length of the vapor cell

medium.
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Figure 5.4: Up: Two-dimensional density plots for probe transmission as a function
of Ay and velocity for Ak = 0. Down: Doppler averaged probe transmission for the
same.
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Figure 5.5: Up: Two-dimensional density plots for probe transmission as a function
of Ay and velocity for Ak = 0.043 x 105 m~!. Down: Doppler averaged probe
transmission for the same.

Fig. 5.4 represents the two-dimensional density plots for probe transmission as
a function of Ay and velocity for Ak = 0 (Up) and its comparison with the probe
transmission by Doppler averaging over all the velocity range (Down). It can be
observed that for a fixed detuning towards the center at nearly Ay = —1.197 GHz,
averaging over all the velocity range gives the maximum EIT transparency of ~
0.9. Fig. 5.5 represents the two-dimensional density plots for probe transmission
as a function of A, and velocity for Ak = 0.043 x 10° m™! (Up) and its compar-

ison with the probe transmission by Doppler averaging over all the velocity range
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Figure 5.6: Probe transmission in the absence of the coupling fields while scanning
Ay (cyan open circles) and in the presence of the coupling fields (solid red line) for
(a) Ak = 0 and for (b) Ak = 0.023 x 10° m~!. The laser parameters used in the
model are €2y = 10 MHz, Qs = 110 MHz, Q)3 = 25 MHz, 4 = 160 MHz, A; = 1200
MHz, A3 = 1000 MHz and A, is adjusted around Ajs to make the transmission
symmetric. Here, the value of the effective probe transition wave vector is taken to
be k, = 0.007 x 10° m~*.

(Down). Averaging over all the velocities at Ay = —1.197 GHz gives a reduced EIT
transparency of ~ 0.5 due to the presence of large absorption components along
with transmission components. Similarly at other detunings within the absorption

window, the transparency reduces as the light gets absorbed.

Averaging over all the velocity components of the atoms, the susceptibility of

the probe is given by

ON| pge |1 /+°° -
— e b 5.18
X(wl) hEOQl /_27T’Up - p ge v ( )

The vapor density is taken to be 4.5 x 10 ecm=3, and the length of the vapor
cell is 5 ecm. The transmission of the probe calculated from the model in the EIT
regime is shown in Fig.5.6. For Ak = 0, the peak transmission of the EIT signal is
observed to be ~ 0.9, as shown in the Fig. 5.6(a). If Ak = 0.023 x 10° m™', the
peak EIT transmission is found to be ~ 0.6, as shown in the Fig. 5.6(b). Hence,
EIT transmission of nearly 100% is achieved if the residual wave vector is reduced to

zero, i.e., achieve a Doppler-free condition. This thermal vapor system behaves like
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a cold atomic system when the wave-vector mismatch is eliminated. The usual two-
photon excitation processes in a thermal vapor system does not allow a Doppler-free
condition [68]. There are certain conditions under which Doppler-free conditions for
the three-photon excitation process can be achieved with suitable beam geometry,
which has been discussed in [86]. This study aims to achieve a Doppler-free condition
with the four-photon excitation process to the Rydberg state leading to a narrow

EIT width.

5.5 Variation of EIT peak transmission with £,
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Figure 5.7: EIT transmission peak height as a function of k.. The laser parameters
used in the model are 2; = 10 MHz, Qs = 110 MHz, Q3 = 25 MHz, Q4 = 160
MHz, A; = 1200 MHz, Az = 1000 MHz and A, is adjusted around Az to make the
transmission symmetric.

To have a proper understanding of the EIT in the four-photon process, the

variation of peak EIT transmission with the residual wave vector is studied. The
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effective probe transition wave vector is kept fixed at &, = 0.007 x 10 m~! and the
effective coupling wave vector k. is changed to vary the residual wave vector Ak.
The variation of peak EIT transmission with k. is shown in Fig. 5.7. Maximum
EIT transmission is observed at Ak ~ 0. The EIT transmission decreases as k. is
varied away from Ak =~ 0. This is because when Ak = 0, all the atoms can be
resonant to the probe and coupling lasers. Irrespective of the velocity of the atoms
in the thermal vapor, all the atoms contribute to the dark state formation and hence,
contribute to maximum EIT transmission. When Ak # 0, only a certain velocity
class of atoms contribute to the dark state formation. The effective number of atoms
participating in the dark state formation reduces compared to Ak = 0. This results

in a decrease in the peak EIT transmission as we go away from Ak ~ 0.

5.6 Reduction of five-level system to an effective

three-level system: Adiabatic elimination method

The five-level system involves a 5 x 5 Hamiltonian, which makes the system complex
for various studies. Hence, the method of adiabatic elimination is used to reduce the
five-level system to a simpler, effective three-level system. This method involves the
elimination of the intermediate states assuming that the change in the population of

such states is zero under certain conditions, which has been discussed in Sec. 2.2.5.

5.6.1 Formation of the effective three-level system

The five-level system is reduced to an effective three-level system by eliminating the
intermediate states |e) and |e”) as shown in Fig. 5.8. The conditions required for
such an elimination are A; > O, ., and Az > Q3,'over. Under these conditions
the change in population of the states |e) and |e¢”) is zero. If the initial population
in these states is zero, then there will not be any population transfer to these states,
and hence, these states can be neglected or eliminated. The effective-three level

system is represented by states |g), |¢/) and |r) with effective Rabi frequencies,
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Figure 5.8: Schematic of reduction of a five-level system (left) to an effective three-
level system (right).

effective detunings and effective decay rates. The effective probe and coupling Rabi
frequencies are represented by 2, and €2, respectively. The effective probe and

coupling detunings are represented by A, and A, respectively.

Using the translation to the Hamiltonian H of the five-level system — H + %4[ ,

the new Hamiltonian is written as

6 = 0 0 0
—Qr 6, —26,  — 0 0
H = g 0 —QF 0y —20,  — 0
0 0 —Q5 0 — 205 —Q
0 0 0 - =0,

The time-dependent schrodinger equation is represented as:

L0 ,
tho [0 (1)) = H [4(t) (5.19)
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where
Ci(t)
Co(t)
W) = Cs(t)
Cu(t)
Cs(t)

C1(t), Cy(t), Cs(t), Cy(t) and C5(t) are the probability amplitudes of the respective
components of |¢(t)). Since Ay >> Oy, I';;, and Ag >> Qg,I'crer, considering the
initial population of the states |e) and |e€”) to be zero, these states barely get popu-
lated. So the change in the population of these states is approximated to zero, i.e.
2.0y(t) = 0 and 2Cy(t) = 0. These two equations are solved to get Cs(t) and Cy(t)
as a linear combination of Cy(t), Cs(t) and C5(t). These values are then substituted
in the equations of motions for Cy(t), Cs(t) and C5(t) to eliminate Cy(t) and Cy(t).

The effective Hamiltonian of the effective three-level system is written as :

o 12242 B 05190
h 5 04—201 04—201 O
H. = — Q10 B ¥ S (11 G (91 s Qs
eff =5 Fisos 04— 202— 555 — 5,ma5; 54203
_ Q5 _1o4?
0 54—203 —04 64—203

The effective three-level system is used to study EIT, and hence, the system satisfies
four-photon resonance under EIT, i.e., 04 = 0 and d, = 0. The Hamiltonian is

simplified and written as:

0 Q 0
h
Hepp = -5 | 9 24, Q.
0 O 27, +A

Comparing the effective three-level system with an exact three-level system, we

observe that the Hamiltonian of the effective system is similar to that of the three-
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level system with the Rabi frequencies and detunings modified as

0.0,
Q0 = 2
P 2A1 (5 0)
Qs
Q. = 5.21
oA, (5.21)
NP Q) Qs
A, = (A + A — — 292
p= (A1t Bo) + 4N, 4N, 4N, (5-22)
QW2 Q2 | Q2
AC:(A3+A4)+| EgLL ] R EUY (5.23)

VAN 4A3 4A3
The laser fields will shift the atomic levels by factors known as light shifts. These

factors have to be added carefully to the detunings of the effective system such that
it includes all the light shifts of the atomic levels induced by the individual laser

fields, i.e. ‘ffi'f, ‘iﬁ'ﬁ, Eﬁf and ‘f&f. The density matrix of the effective three-level
system is a 3 x 3 matrix p;; with ¢, j = g, €/,r. The decay and decoherence processes
for the effective system are also modified. As discussed earlier, the transition from
state |g) — |€'), |e) — |¢”) and |¢/) — |r) are dipole forbidden. The decay process
from state |e) to state |g) has a faster rate as compared to the decay process from
state |e’) to state |e), i.e. T';y > I'we. So the atoms in state |¢/) are considered to
decay directly to state |g) at a rate ['w. as there will not be any population inversion
in |e). Similarly, the decay process from state |e”) to state |¢’) has a faster rate as
compared to the decay process from state |r) to state |€”), i.e. T'ener > I'yer. The
atoms in state |r) directly decay to state |¢') at a rate I',.». There are also decay
terms that take care of the transit time decay rates. So the effective decay rate of
the channel |¢/) — |g) is given by ey & e + [ery. Similarly, the effective decay
rate for the channel |r) — |g) is v, = I';, and for |r) — |€/) is v, = I'yer. These

decay rates form the Lindblad operator for the effective system.
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5.6.2 Optical Bloch equations

The master equation is solved in the steady state to obtain the optical Bloch equa-

tions as:
i * 76/
5[_2Ap996’ + Q(2perer + prr) — Qp — Qipgr] — Tgpgd =0 (5.24)
l Yr + Yre!
5[_25%7" + Qpperr — Qepger] — %pgr =0 (5.25)
(A N
§[Qppge/ - Qppe’g + Qcpre/ - Qcpe’r] + Yre! Prr — ’)/e’g,oe’e’ =0 (526>
by (Yrg + Vrer + Verg)
5[91)/)97‘ = 28 pery + Qe(prr — perer)] — : 9 L= perr =0 (5.27)
/l: *
§[Qcpe’r — Qeprer] — (77“9 + Yre')prr = 0 (5.28)
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Figure 5.9: Comparison of probe transmission of effective three-level system with

a five-level system.



Study of electromagnetically induced transparency (EIT) using four-photon excitation to
110 the Rydberg state in thermal atomic vapor

The above equations are solved to evaluate pe and pey. The ground to excited
state coherence p,, is evaluated [68] by substituting pe. and pe, in the equation

given below:

_ Ql(pe’e’ - 1) - QZpe’g
Peg 9N, +il.,

(5.29)
The transmission of the probe for the effective three-level system is evaluated for a
thermal atomic medium, and it is compared with the transmission of the probe in a
five-level system as shown in Fig. 5.9. It is observed that the probe transmission of
an effective three-level system matches perfectly with that of the five-level system.
Using the method of adiabatic elimination, a complex system can be reduced to a

simpler effective system, and the effective system can be used for the purpose of

various studies.

5.7 Experimental proposal

The four-photon excitation to the Rydberg state can be performed experimentally
with a real thermal vapor system, i.e., rubidium atomic vapor, as shown in Fig. 5.10.
The different available transitions of the rubidium atomic system can be accessed
using lasers of available wavelength. The transitions that can be accessed to form
the five-level system are |5S%> — \5P%>, |5P%> — |5D%>, |5D%> — |8P%> and |8P%>
— |[nS1). The 155 1) = |5Pg) excitation can be carried out by a laser of wavelength
780.24 nm, ]5Pg) — |5D%) excitation can be carried out by a laser of wavelength
776.2 nm, |5D s ) — |8P%> excitation can be carried out by a laser of wavelength 2.41
pm, |8P%> — |n5%> excitation can be carried out by a laser of wavelength 2.67 pm.
The wave vectors of the laser beams are k; = 1.281655x10° m~", ky = 1.288328 x 10°
m~!, ks = 0.414938 x 10 m~! and ks = 0.374532 x 10° m~! respectively. For the
rubidium system, the decay rates are I'cy = 6 MHz, I'». = 0.65 MHz, I'cver = 0.3
MHz and I';e» = 0.01 MHz. The transit time decay rates for the system are I',4, I'er,
I'erg. The transit time decay rates are taken to be 0.2 MHz. The transition from

551) = [5D3), |5Ps) — [8P1) and [5D3) — |nS1) are dipole forbidden transitions.
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Figure 5.10: Rubidium energy levels in ladder configuration for four-photon exci-
tation to the Rydberg state.

5.8 Elimination of the residual wave vector using

suitable beam geometry

The motion-induced dephasing can be eliminated with the proper choice of wave-
length and suitable beam geometry. The transitions are chosen such that the
first two excitations have nearly equal wave vectors with the laser beams counter-
propagating each other. Also, the third and fourth excitation have nearly equal
wave vectors with the respective laser fields counter-propagating each other. This
will result in the cancellation of the wave vectors and, in turn, reduced residual wave
vector. With the laser configuration as shown in Fig. 5.2, ky > ky and k3 > ky,
therefore Ak = 0.033 x 10¢ m~!. This residual wave vector is very large, which leads
to a reduction in EIT transparency. Hence, the achieved EIT transparency is very

low for such laser configuration, which can be observed from Fig. 5.7. The effective
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Figure 5.11: Laser beam geometry through rubidium vapor cell.

wave-vector mismatch can be reduced to zero with a suitable choice of beam geom-
etry, i.e., by applying the laser fields at some angles with respect to the horizontal
axis of the atomic vapor cell as shown in Fig. 5.11. Let’s say the laser field with
frequency wy is applied at an angle 60, field with frequency w, at an angle 65, field
with frequency ws at an angle 63 and field with frequency w, at an angle 6, with
respect to the horizontal axis of the vapor cell. In order to completely cancel out
the wave vector mismatch, both the vertical and horizontal components of the wave

vectors need to be canceled out. This leads to the following two equations:

kq cos O + ks cosBs — kycosBy — kycosfy =0 (5.30)

kysin @y + ko sin Oy — kssin 3 — kysin 6, = 0. (5.31)

By solving the two equations, the angles are found out to be 6, = 6°, 6, = 6°,
03 = 3° and 6, = 3°. The angle through which the beams will propagate is very

small. This will result in overlapping of the beams in a large optical path length.

5.9 Conclusion

The four-photon excitation to the Rydberg state is performed to study EIT in
thermal atomic vapor. The system uses four laser fields where the two pairs of laser

fields have a nearly equal wavelength. Proper choice of laser wavelength and suitable
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beam geometry results in the elimination of motion-induced dephasing in the system.
The reduced wave-vector mismatch provides an opportunity to achieve 100 % EIT
transparency. Even though it is a thermal vapor system, the system behaves similar
to a cold atomic system with the elimination of the residual wave-vector to zero.
Instead of a complex cold atomic system, the thermal vapor system provides a better
platform for building quantum devices due to its simplicity as compared to the cold
atomic system. Such a four-photon system has huge technological applications as

the Rydberg atomic systems have been paving the way for quantum technology [90].






Chapter 6

Outlook: Microwave field sensing
using four-photon excitation to
the Rydberg state in thermal

rubidium vapor

The four-photon excitation process can achieve a narrow EIT transition, resulting
in better sensitivity of the electric field. The electric field sensitivity of a two-
photon Rydberg EIT-based sensor in a thermal atomic medium is reported to be

2

30 pVem™'Hz=Y/2 [7]. This sensitivity was improved to 5 p#Vem™'Hz /2 using a

homodyne detection method [26]. As discussed in chapter 3, measured electric field
sensitivity is given by EL\/H—Z = W%Q—N [12] where E,,;, is the minimum detectable
electric field limited by the line-width of the EIT spectrum g [43], Ty is the de-
phasing time of the EIT process and N is the number of atoms participating in the
detection process. The minimum detectable field can be improved with the help of
the four-photon excitation method, where the motion-induced dephasing in the sys-

tem is eliminated through the proper choice of laser wavelengths and suitable beam

geometry. The details of the four-photon excitation method have been discussed in
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the chapter 5. As an outlook to the thesis, this chapter provides a theoretical study
on microwave field sensing using the four-photon Rydberg EIT in a thermal vapor
system. A comparison of the field sensing using two-photon excitation and four-
photon excitation process is provided. Using suitable laser parameters, a narrow
linewidth EIT is achieved, which results in higher sensitivity of the detected electric
field. Finally, the chapter discusses the experimental plan to perform microwave

field sensing with a four-photon excitation process to the Rydberg state.

6.1 Theoretical model for microwave field sensing

with four-photon excitation process

')

N 7

Wy

l9)

Figure 6.1: Schematic of energy levels in ladder configuration.

The four-photon excitation process can be used to achieve Rydberg EIT using
a five-level system. Application of a microwave field, results in coupling of two

neighboring Rydberg states. The microwave field sensing with a four-photon ex-
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citation process involves another Rydberg state along with the five-level system,
which makes the system complex. Hence, the method of adiabatic elimination is
used to reduce the five-level system to a simpler, effective three-level system which
has been discussed in Sec. 5.6. So, the atomic model consists of a four-level sys-
tem with states |g), |€/), |r) and |r’) where the lower three levels |g), |¢/) and |r)
correspond to the effective three-level system with |r) being the Rydberg state and

the fourth level |r’) is another nearby Rydberg state. As discussed in the previous

Q109
271

chapter, the effective probe and coupling Rabi frequency are given by (2, =

and Q. = %3&4 respectively. The effective probe and coupling detunings are given

Q2 Q2 |92 2 I L S (1
by Ay = Ap+ Ay + BE 1L 5 g A = Ag+ A+ 20 4 BBE BUE e

effective probe transition has effective wave-vector magnitude to be k, = ky —k; and
the effective coupling transition has effective wave-vector magnitude as k. = k3 — ky4.
The residual wave-vector for the system is defined as Ak = k. — k,. The Rabi fre-
quency (detuning) of the microwave field is 2, (A,,), and the magnitude of the wave
vector of the microwave field is £, which is very small as compared to the optical

fields. The energy level of the system is represented by Fig. 6.1.

The total Hamiltonian for the given system, in a suitable rotating frame, is

written as
0 Q, 0 0
o _}_@ QO 24, — kyv Q. 0
21 o O 2N, +A) Q
0 0 QZ Q(A,, + A, + Au)

For the thermal vapor system, the detunings are modified as Ay — Ay — kv,
Ay — Ao+ kov, Ag — Az — ksv and Ay — Ay + kyv. The Master equation for
the system is written as p = £[p, H| + Lp(p) where p is the 4 x 4 density matrix
of the system and Lp(p) is the Lindblad operator which includes the decay and
decoherence processes occurring in the system. The decay rates in the system are

Vrer R Lrerrs Yrg & Trg, Yerg = Lo + ey, 'y and I'yvy where the population decay
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rates are given by ', = 0.65 MHz, I',.» = 1 kHz and I',/,, = 0.5 kHz and the transit
time decay rates are I'y = I';y = I'yy = 0.2 MHz. The optical Bloch equations
are similar to the four-level system discussed in the chapter. 3, which are solved to

evaluate pee and peg.

The ground to excited state coherence p,, is evaluated as [68]:

_ Ql(pe/e’ - 1) - QZpe’g
Peg oA, +iTe,

(6.1)

The Doppler averaged probe susceptibility coupling the |g) — |e) transition is given
by

2N pge |2 1 / _z
wi) = Peg€ P d 6.2
X( 1) heols \/_vp ) g€ v ( )

where p,4¢ is the transition dipole moment, IV is the density of the atomic vapor, and
vy, is the most probable speed of the atoms. The transmission of the probe beam
is T = e~ S0kl where [ is the length of the atomic medium. The vapor density is

taken to be 4.5 x 10'° em™3, and the length of the vapor cell is 5 cm.

6.2 Effect of a microwave field on four-photon

EIT

The probe transmission in the case of the four-photon excitation process is rep-
resented by Fig. 6.2, where the solid red line and solid blue line represent the
transmission of the probe field in the absence and presence of a microwave field, re-
spectively. We observe an EIT linewidth of 1.8 MHz. The application of microwave
field results in splitting of the EIT peak where the frequency difference between the
AT splitted peak depends on the microwave field Rabi frequency. Before providing
an estimate of how the sensitivity of electric field measurement can be improved
using this system, first, the microwave field sensitivity in the case of the two-photon

Rydberg EIT system is needed to be understood.
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Figure 6.2: Probe transmission: (a) in absence of microwave field (€2, = 0) and
(b) in presence of microwave field (Q, = 1 MHz). k, = k. = 0.007 x 10° m™! and
k, = 0.00005 x 10° m~*. The laser parameters used in the model are ; = 10 MHz,
Q, = 110 MHz, Q5 = 25 MHz, Q, = 160 MHz, A, = 1200 MHz, Ag = 1000 MHz,
A, =0 and Ay is adjusted around Aj to make the transmission symmetric.

6.3 Microwave field sensing with two-photon Ry-

dberg EIT system

There has been a study on microwave field sensing with the two-photon Rydberg
EIT process where the atoms are excited to the Rydberg state 53 D5/, using a 780 nm
probe and a 480 nm coupling field. A microwave field couples 53 D5, state to 54Ps 5
state with transition dipole moment of 3611 eay. The study reports the minimum
detectable microwave electric field to be 8 4V /cm which produces a change of 0.02%
in probe transmission [7]. This section describes the effect of microwave field in a
two-photon Rydberg EIT system which is used to find the minimum detectable
field. The schematic of microwave field sensing with the two-photon Rydberg EIT
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Figure 6.3: (a) Schematic of a four-level system for microwave field sensing with
a two-photon excitation process. (b) Probe transmission as a function of A, and
A, in the absence (£, = 0) and presence of microwave field (2, = 3 MHz). The
laser parameters are: €2, = 0.5 MHz, 2, =2 MHz, A, =0, I';; =6 MHz, I, =1
kHz, 'y, = 0.5 kHz, I, = 0.2 MHz, T';y, = 0.2 MHz, k, = 1.28166 x 10° m™!,
k. =2.08333 x 10° m~! and &, = 0.00005 x 10% m~'.

process is shown in Fig. 6.3(a). In the absence of a microwave field, an EIT peak
is observed (black line) as a function of coupling field detuning as shown in 6.3(b).
If the microwave field detuning is scanned, a constant peak EIT transmission (blue
line) is observed. Application of microwave field results in splitting of the EIT peak
(red line), which can be observed as a function of coupling detuning. With the
microwave field scan, the decrease in probe transmission around the resonance is
observed as a function of microwave detuning (green line). If the microwave field is
very weak, such that the splitting of the EIT peak is less than the EIT linewidth,
then it becomes difficult to differentiate the splitting and estimate the strength of
the microwave field. In such cases, observing the change in probe transmission as a
function of microwave detuning gives an estimate of the strength of the microwave
field. Fig. 6.4 shows the percentage of reduction in probe transmission as a function
of microwave field strength calculated using Eq. 3.19. It is observed that a microwave

field strength of 8 'V /cm produces a change of 0.02%, similar to that reported in
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Figure 6.4: Percentage of reduction in probe transmission as a function of microwave
E-field strength. The laser parameters are: €, = 0.5 MHz, 2, = 2 MHz, A, = 0,
A.=0,I'yyg =6 MHz, I',, = 1 kHz, I, = 0.5 kHz, I',, = 0.2 MHz, I',,;, = 0.2 MHz,
k, = 1.28166 x 10 m™!, k. = 2.08333 x 10 m~* and k, = 0.00005 x 106 m~*.

Ref. [7].

6.4 Microwave field sensing with four-photon Ry-
dberg EIT system

To compare microwave sensing using in a four-photon Rydberg EIT system with a
two-photon system, the percentage of reduction in probe transmission as a function
of microwave Rabi frequency and microwave field strength for the four-photon sys-
tem is also studied. This is represented in Fig. 6.5. In order to produce a change of
0.02%, similar to that of a two-photon excitation process, a microwave field strength
of 4 pV/cm is needed, which is two times smaller than the minimum field detected

using a two-photon Rydberg EIT method. The four-photon excitation process is
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Figure 6.5: Percentage of reduction in probe transmission with varying microwave
E-field strength. k, = k. = 0.007 x 10° m~* and &, = 0.00005 x 10° m~*. The laser
parameters used in the model are €2y = 10 MHz, €, = 110 MHz, €23 = 25 MHgz,
Qy = 160 MHz, Ay = 1200 MHz, A3 = 1000 MHz, A, = 0 and A, is adjusted

around Az to make the transmission symmetric.

used to achieve higher sensitivity, as discussed in the following sections.

6.5 Achieving a narrow EIT line-width

It is known that the minimum detectable field depends on the EIT linewidth vgr.
To achieve a narrow linewidth EIT, suitable laser parameters are needed to be used,
and the wave-vector mismatch has to be reduced to zero. The laser parameters
considered for this study are €2, = 1 MHz, €2, = 30 MHz, Q3 = 20 MHz, €2, = 50
MHz, A; = 1200 MHz and Az = 1000 MHz. The population decay rates considered
in the calculation remain the same as discussed in Sec. 6.1. The transit time decay
rate is considered to be 10 kHz. Such a small transit time decay rate can be achieved
by expanding the beam diameter to 2 cm with the help of lenses. The magnitude

of effective wave-vectors is considered to be k, = k. = 0.00005 x 109 m~! which are



6.5 Achieving a narrow EIT line-width 123

1.00

0.95

ission

0.90

0.85

0.80

Probe transm

am—— Qu=0
——0,=0.2 MHz

0.75

-1202 -1201 -1200 -1199 -1198
A, (MHz)

Figure 6.6: Probe transmission: (a) in the absence of microwave field (2, = 0) and
(b) in presence of microwave field (Q, = 0.2 MHz). k, = k. = k, = 0.00005 x 10°
m~!. The laser parameters used in the model are ; = 1 MHz, Q, = 30 MHz,
Q3 = 20 MHz, Q4 = 50 MHz, A; = 1200 MHz, Ay = 1000 MHz, A, = 0 and A, is
adjusted around Aj to make the transmission symmetric.

same as the magnitude of the microwave field wave-vector. The probe transmission
is represented by Fig. 6.6 where the red line represents the EIT linewidth of 230
kHz, and the blue line represents the splitting in the EIT signal in the presence of

the microwave field.

The change in probe transmission is studied while scanning the microwave de-
tuning. Fig. 6.7 represents the percentage of reduction in probe transmission with
varying microwave field strength. It is observed that a 0.02 % reduction in probe
transmission can be seen for a microwave field of 1.36 ¢V /cm with the help of a nar-
row four-photon Rydberg EIT. This is the same achievable experimental condition
as has been reported in [7]. This minimum field observed is 5.88 times smaller as
compared to the microwave field detected using a two-photon Rydberg EIT system,

which will result in better sensitivity of the measured electric field.
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Figure 6.7: Percentage of reduction in probe transmission with varying microwave
E-field strength. k, = k. = k, = 0.00005 x 10° m~!. The laser parameters used
in the model are 2, = 1 MHz, €y, = 30 MHz, Q3 = 20 MHz, Q4 = 50 MHgz,
Ay = 1200 MHz, Ag = 1000 MHz, A, = 0 and Ay is adjusted around Aj to make

the transmission symmetric.

6.6 Sensitivity of electric field

The sensitivity of detected electric field is given by ]\5/% = N+27N [12] and is reported
to be 30 pVem'Hz~'/2 for a two-photon Rydberg EIT system [7] with T, ~ 5 pus.
If the residual wave vector is non-zero, which is the case in a two-photon Rydberg
EIT system, then all the atoms do not participate in the EIT process. Only a
certain class of atoms become resonant to the probe and coupling field. Elimination
of residual wave-vector makes all the atoms resonant to the probe and coupling
field, hence allowing participation of all the atoms in the EIT process. The effective
number of atoms participating in the detection of the electric field in the two-photon
EIT process is ~ ﬁ times the density of atoms inside the atomic vapor cell. As

discussed earlier, the minimum detectable electric field improves nearly six times
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using the four-photon Rydberg EIT process. Considering the increase in the effective
number of atoms participating in the EIT process, minimum detectable field, and

transit time decay of 10 kHz, the improvement in total sensitivity is ~ m =

1
540

% pVem'Hz7'/2 ~ 55 nVem'Hz7'/? can be achieved. This estimate is made

times where T, = 100 ps. Using this method, an electric field sensitivity of

considering the experiment is performed in free space to measure the electric field
strength. The actual plan for the experiment is to work with a microwave waveguide

inside a vacuum chamber.

6.7 Experimental plan

6.7.1 Beam geometry

As discussed earlier, the residual wave-vector is eliminated with the help of a proper
choice of the wavelength of laser fields and selecting beam geometry at suitable
angles, aligned with respect to the horizontal axis of the vapor cell [89]. Small

I can be achieved with non-

effective wave-vectors of k, = k. = 0.00005 x 106 m~
collinear beam geometry. The laser fields wq, ws, w3 and w4 need to be oriented with

an angle of 6; = 6°, 3 = 6°, A3 = 2.8° and 0, = 2.8° respectively.

6.7.2 Using a microwave waveguide

A co-planar microwave waveguide has been designed to apply the microwave field
shown in Fig. 6.8. The waveguide has dimensions of 72 mm x 35 mm. It is made up
of a dielectric substrate where the conductor is situated on one side of the substrate.
It consists of a conducting region represented by the thick red-colored line at the
center. The conductor is separated from the two sides by two slots represented by
blue lines. The back side of the dielectric is grounded. SMA connectors are fitted
to the waveguide for electrical connections. These will also be used for mounting

the waveguide to the vacuum chamber designed for the experiment. In a co-planar
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Figure 6.8: Microwave wave-guide.

waveguide, the central conductor has a positive potential with respect to the two
adjacent ground planes. The co-planar waveguide propagates quasi-TEM modes
where electromagnetic wave exists partly in the air and partly above it. The evanes-
cent waves are concentrated in a few square millimeters region. The laser fields will
interact with the evanescent waves of the microwave waveguide as they will be made
to pass nearly 1lmm above the surface of the waveguide. A beam diameter of 2
cm cannot be achieved inside the chamber to have a smaller transit time decay rate
which enhances the sensitivity. However, coupling the optical field to the evanescent

waves of the microwave waveguide greatly improves the sensor sensitivity [91].

6.7.3 Design of the vacuum chamber for four-photon exci-
tation experiment

A schematic of the vacuum chamber has been designed using SOLIDWORKS to
carry out the four-photon excitation experiment, as shown in Fig. 6.9. One face
of the chamber of 63 CF will be used to mount the chamber on the optical table,
which is the back face of the shown figure. As shown in the figure, the front face of
the chamber, with a 63 CF flange, will be used for mounting the waveguide through
the SMA connectors. The 63 CF flange is shown in Fig. 6.10, which is also designed
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Figure 6.9: Design of vacuum chamber for four-photon experiment.

using SOLIDWORKS. The two 40 CF flange designs at the two side faces will be
used to mount two MgF5 glass windows. These are special windows that will allow
the light of all four wavelengths, 780.24 nm, 776.2 nm, 2.41 pm, and 2.67 um (NIR
and MIR) to pass through the chamber. One of the faces with a 40 CF flange design,
which is the top face, will be used to mount the turbo pump. Another face with a
40 CF flange design, the down face, will be used to mount the ion pump, rubidium
source, and a vacuum gauge using a four-way cross connector. Inside the vacuum
chamber, the pressure maintained will be of the order of 1077-10® torr using the

turbo pump and ion pump.
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Figure 6.10: 63 CF flange design for mounting the wave-guide.

6.8 Conclusion

The microwave field sensing using a two-photon excitation process has limited sensi-
tivity. This limitation is primarily because of the significant wave-vector mismatch.
This leads to a broad EIT linewidth, and also, the effective number of atoms par-
ticipating in the detection process is less. Using the four-photon excitation to the
Rydberg state, a narrow linewidth EIT of 230 kHz can be achieved. The effective
number of atoms participating in the detection can be increased due to the elimina-
tion of motion-induced dephasing in the system with suitable beam geometry. Also,
the transit time decay rate can be reduced with the use of larger diameter beams.
All these factors can result in achieving a higher sensitivity of ~ 55 nVem ™ 'Hz /2

for free space experiments.



Appendix A

Electromagnetically induced
transparency (EIT) in the strong
blockade regime using four-photon
excitation to the Rydberg state in

thermal atomic vapor

Electromagnetically induced transparency (EIT) using the four-photon excitation
to the Rydberg state has been discussed in detail in chapter 5 [89]. The four-photon
excitation process to the Rydberg state has also been explored to investigate the
phenomenon of Rydberg blockade using two interacting Rydberg atoms. The study
of EIT will be discussed in the strong blockade regime in thermal atomic vapor in this
appendix. The atomic model of a five-level system has been discussed in chapter 5,
and it has been shown that the five-level system can be reduced to an effective three-
level system using an adiabatic elimination method. Using the five-level system to
study the Rydberg blockade phenomenon leads us to a Hamiltonian of order 25x25.

The effective three-level system is very useful for developing the two-atom model
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as it leads to a simpler Hamiltonian for the system of order 9x9. Hence, further

studies are based on the model developed using an effective three-level system.

A.1 Development of two-atom model

19)
Ac,

A

int L__________-__f

Figure A.1: Energy level scheme for the two-atom system. Each atom is in an
effective three-level system in a ladder configuration.

The energy level diagram for the composite two-atom system is represented in
Fig. A.1. Each atom lies in an effective three-level system consisting of states|g),
|¢’) and |r). When both the atoms are in the ground state |g), the energy level of
the two-atom system is represented as |1). Similarly, energy levels |4) and |9) of the

composite system represent the case when both the atoms are in states |¢/) and |r),
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respectively. Energy levels |2) and |3) represent the case when one atom is in state
|g), and the other atom is in state |¢’) and vice-versa. Similarly, energy levels |5)
and |6) (|7) and |8)) represent the case when one atom is in state |g) (|]e’)) and the
other atom is in state |r) and vice-versa. For the composite two-atom system, the
states are expressed as [1) = g)@ (g], [2) = lg)@ (€], 13) = [)@ (g, [4) = |) @ (¢,
5) = lg) @ (r], [6) = [r) @ (9], [T) = |¢/) @ (r], [8) = |r) © (€], and [9) = [r) @ (r].
Both the atoms are considered to be moving with different velocities vy and vy in the
thermal vapor system. Let the probe (coupling) Rabi frequency for both the atoms
be represented as €, () and €2, (€2,). The probe (coupling) detuning for both
the atoms are A, (A.,) and A,, (A.,). When the inter-atomic distance is less than
the blockade radius, the atoms undergo strong repulsive van der Waals interaction.
Due to this strong interaction, the energy level |9) state is shifted out of resonance
leading to the phenomena of Rydberg blockade. The interaction strength is given

by A;.:. For the composite system, the interacting Hamiltonian is written as

H=HY @I +IT®H® 4 Ajy9)(9] (A1)

where HV | H® are the Hamiltonian of the individual atoms in the effective three-

level system, and [ is an identity matrix. The total Hamiltonian H is given as

0o 9, 0 € 0 0 0 0 0
24, Q, 0 Q. 0 0 0 0
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where 0; = (APQ +AC2)7 0y = (API +AP2)7 03 = (Am +AP2 +AC2)7 0y = (API +A61)7
05 = (Ap, +Ap, +A,) and 06 = (A, + Ay, + A, + A, ). The Lindblad operator for

the system is written as Lp(p) = Lp, (p™V) @ p@ + pM @ Lp,(p?) where Lp, (pM),
Lp,(p®) are the Lindblad operators and p"), p(® are the density matrices for the
two individual atoms. The total density matrix for a non-interacting system is
given by p = p¥ ® p® which is chosen as a basis to write the density matrix for the
interacting two-atom system. The density matrix is given by a 9 x 9 matrix where

each element is given by p;; with 4,7 = 1,9.

A.1.1 Optical Bloch equations

The Master equation is given by p = £[p, H]+ Lp(p), which is solved in steady state
to get the following 45 independent optical Bloch equations.

7
§(ngp21 + Qpypar — Qpop12 — Qpyp1a) + To1(paz + pas) + Tar(pss + prr) =0 (A2)

7
—5(2Ap2,012 + Qe 013 + Qpyp11 + Dy p15 — Qpyp2o — O, paz)

. (A.3)
—F21(§,012 — pas) + s1p78 =0
7
—5(902/?12 +2(Ap2 + Ac2)p1z + Dy p16 — o2z — Qp, pas) + Ta1pas
1 (A4)
+1'31p79 — §(F31 +T3)p13 =0
7 1
—g(chpn + 28p1p14 + Qpy p11 + Qo p15 — Dy poa — Qpy pas) — §F21/714
(A.5)
+I'91p25 + I's1p36 = 0
7
_5(2(Ap1 + Ap2)pis + Qe pi6 + Qey p1s + Qo p12 + Qo pra — Qpypos (A6)
.6
—Qppa5) — To1p1s =0
7
—i(chpm + Qe p19 + 2(Ap1 + Dpa + Ac2) pr6 + Qp, 13 — Qpo P26 — Qp, pas) (A7)
A7

1
—§(F21 + 31+ I's2)p1is = 0
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7
—§(Qc1P14 +2(Act + Ap1)p17 + Qpyp18 — Qpypar — Oy, par) + T pas

1 (A.8)
—§(F31 +T'52)p17 +T'51p30 = 0
7
—5(%;)15 + Qeypr0 + 2851 + Ap2 + Act)pis + Qpypr7 — Qpy pag — Qpy pag) (49)
A9
1
—§(P21 + 31 +'50)p18 =0
7
—§<chp16 —+ 902/318 -+ Q(Apl —+ APQ -+ Acl —+ ACQ + 2V)p19 — Qp2p29
(A.10)
— Q2 p19) — (Fg1 + Ta2)p1o =0
7
Q(chgz — Qe,p23 + Qpyp12 — Qo pa1 + Qp, ps2 — Qpypas) — Ta1p2a + Forpss
(A.11)
+131 088 + I'32p33 = 0
7
5(—2Ac2,023 + Qe p33 — Qeyp2o + Q13 — oy pas + Qpy pss) + Ta1pse
1 (A.12)
+I'31p89 — §(F21 + g1+ T'32)pa3 =0
7
5(2(—Ap1 + Dpa)pas + Qeyp3a — Qe por + Qpypra — Qpy p21 — Dy pos
(A.13)
+Q,p54) — To1p2a =0
7
—5(2Ap1p25 + Qc, pag + ey pas — ey P35 + Uy paz — Qpy 15 + Qpy pou
3 (A.14)
—Qp, ps5) — §F21925 + I'32p36 = 0
7
5(_2(Ap1 + Ac2)pas — Qeyp2s — Qe P20 + Qeyp3e + Lpyp16 — Qpy P23
] (A.15)
+8p, ps6) — 5(2F21 + D31+ T32)p2s =0
1
5(—2(AC1 + Ap1t — Ap2)par — Qey paa + Qeyp3r + Qpypi7 — Ly pas + py ps7)
] (A.16)
—§(F21 + 31+ 32)par =0
7
5(—2(AC1 + Apl)p28 — Q¢ p2s — Qeypag + ey p3s + Qp2p18 - Qp2p27
(A.17)

1
+€,, pss) — 5(2F21 + 51 + I'sz) pos + 'aaps9 = 0
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7
5(_2(Acl + Ao + Ap1 4+ 2V) pag — Qe pas — Qeypas + Qey 3o + Qo pro
(A.18)

1
+p, p59) — §<F21 + 2031 + 2I'32) pag = 0

1
—(Qeyp23 — Qeypaz + Ly pez — Ly pse) + Ta1p66 + [31p99 — (D31 +'s2)pss = 0 (A.19)

2
7

5(2(Ac2 — Ap1 + Dpa)psa + Qeypos — Qe p3r — Ly p31 — Qo pas + Ly poa)
] (A.20)

—§(F21 +T31 + I'32)p3a = 0

)
5(2(Ac2 - Apl)p35 + Qe,pos — ey p3g — ey p3g — Qmﬂ32 - Qp2P34
X (A.21)
+Qp, p6,5) — 5(2F21 + 151 4+ '32)ps35 =0
1
—5(2Ap1,036 — Qeyp26 + Qey p3g + Qeyp3s + Qi paz — Oy, pes)
] (A.22)
—§(F21 + 2F31 + 2F32)p36 =0
)

§(chp27 - chp34 + 2(_Acl + Ac2 - Apl + ApQ)p37 + Qp1p67 - Qp2p38)
(A.23)

—(Pg1 +T52)p3r =0

7
_5(2(Ac1 — Ao + Ap1)pss — Qeypas + Qey P39 + Qey P35 + Ly p3r — Oy, pos)

(A.24)

1
—§(F21 + 2031 + 2I'35)p3g = 0

1
§(Qp1069 - Q(Am +Aa + 2V)039 + Qc2P29 - chpSG - QCQP:«;s)
(A.25)

3
—§(F31 + I32)p39 = 0

)
§(QC1P74 — Qe, par + Qpy p1a — QU par — Qpopas + Qpopsa) — Darpaa
(A.26)

+132077 + La1ps5 + LI'z1pss = 0

7
_5(2Ap2,045 + Qeypag + ey pag — ey prs + Qp, paz + Qo paa — Qp P15
(A.27)

1
—Qp,p55) — Do1pas + Laaprs — §F21,045 =0
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7
5(_2(Ap2 + A2)pas — Qeypas — Qey pag + Qe pre + Ly p16 — Ly pas
) (A.28)
+Q,,056) — L21pa + Lsapro — §(F31 +T'52)pa6 =0
7
5(_2Aclp47 — Qe, paa + Qe prr + Qp p17 — Qpopas + Qo ps7) + Ta1pss
) (A.29)
—§(F21 + g1+ I's2)par + T's1ps9 = 0
7
5(_2(Ap2 + A1) pas — Qey pas — Qey pag + Qey prs + Qpy p1s — Qpy paz
! ; (A.30)
+8p, ps58) — §(F21 + g1 + 'g2) pas — §F21P48 =0
7
5(_2(Ap2 + Aot + Aoy +4V) pag — Qe, pas — Qey pag + Qey pro + Ly P19
) (A.31)
+8p, p59) — §(F21 + 2031 +2032)pag = 0
7
5(9@065 + Q¢ p85 — Qea P56 — ey Pss + Dy P25 + Ly pas — Qpy ps2 — Qpy psa)
(A.32)
—2I91p55 + I'sa(pss + pes) = 0
1
§(Qp1p26 + Qp,pac — Qp, psz — 280256 + ey pos + ey P36 — ey P55
) (A.33)
— Qe p59) — Ta1ps6 + ['s2pse — §(F21 +T'51 4+ I's2)ps6 =0
7
5(2(Ap2 — Ac1)ps7 — Qey psa + Qeypor + ey ps7 + Qpy par + Qpy par — Oy pss)
1 (A.34)
—5(2F21 + 151 + I's2)ps7 =0
7
§(Qp1p28 + Qa8 — Qo ps7 — 20801 p58 + ey pos + ey pss — ey Pss
) (A.35)
—Qe,p59) — §(F21 + g1 + I's2) pss — T'a1p58 + ['s2p60 = 0
7
§(Qp1 P20 + Qpopag — 2(Act + Ao + 2V ) psg + ey pog + ey pso — e, Pi6
(A.36)
—Qe,pss) — (Dog + 31 + T3a)ps9 =0
7
§<Qp1 P36 — Lp, pes + ey ps6 + Qey pos — ey Po5 — ey Poo)
(A.37)

— (a1 + 31 + I's2)pes + I's2p99 = 0
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1
5(2(_Acl + Ao + Ap2)per + Qeyps7 — Qey poa + Qey por + Ly p3r — Ly, Pes)
1
—§(F21 + 2F31 + 2F32)p67 =0

(A.38)

1
§(Qp1 p3s — Qpoper + 2(—=Act + Ac2)pes + ey pss + e,y pos — e, Pos
(A.39)

—Qe,pe0) — (a1 +T'31 + T'3n)pes = 0

7
5(9101039 — 2(Act +2V)peg + Qeyps9 — Qs pos — ey Pos + ey Po9)

1 ; (A.40)
—§F21P69 — §(F31 +T'52)pgo =0
7
Q(szpw — Q018 + Qe par — Qeypra) — (U314 Usa) prr + Taipsg
(A41)
+I'31p99 = 0
7
5@%wm+mmﬁ—%m@+%wm+%ww—%ww
(A.42)

1
—§(F21 + 2031 4+ 2T'32)p7s = 0

1
g(ngﬂsg - 2(Ap2 + A + 2V)P79 + Qc1,049 - ch,O?ﬁ - Qch)?s)
(A.43)

3
—§(F31 + Ia2)pr9 = 0

7
§(Qp2078 — Q087 + Qey pss + ey pos — ey pss — Qe Ps9) + Ls2p09

(A.44)
—(Pgy + '3y + I'sa)pss = 0
7
§(szp79 — 2(Ae2 + 2V ) psg + ¢, P59 — Qe pss — ey pss + ey Pog)
X (A.45)
—§(F21 + 331 + 3052)pg9 = 0
7
5(902/)89 — Qc, pos + ey pog — ey pos) — 2(I'31 + T's2) pgg = 0 (A.46)

In this system, there are two atoms with different velocities v; and vy. The contribu-
tion of each atom is added up to find pe and p., from the optical Bloch equations

as

1
Perer = Pasa + 5(/)22 + p3s + pr7 + pss) (A.47)



A.1 Development of two-atom model 137

1
Pe'g = §(P21 + p31 + paz + paz + prs + pse)- (A.48)

perer 18 the effective population in the excited state. The Rabi frequencies are consid-
ered to be real without the loss of generality. The ground to excited state coherence

is calculated by substituting p.e and pe, in the equation provided below [68]:

Ql<pe le! 1) Qaper 9

e A.49
Peg 2A1 + zFeg ( )
The Doppler averaged susceptibility of the probe is found as
ON| prge /+°° /+°° -t
= . o durd A.50
X = heol) m}Q Peg€ V10V2 ( )

where fi4. is the transition dipole moment of |g) — |e) transition, N is the density
of the atomic vapor and v, is the most probable speed of the atoms. The integral is
solved using the Monte Carlo simulation technique. The transmission of the probe

—S0k where [ is the length of the atomic medium and k; is the

beam is T" = e
magnitude of the wave-vector of the probe beam. The vapor density is taken to be

4.5 x 10 cm™3, and the length of the vapor cell is 5 cm.

A.1.2 Monte Carlo simulation technique

The above integral for calculating the probe susceptibility follows a Gaussian distri-
bution. It is solved using the Monte Carlo simulation technique. The Monte-Carlo
technique utilizes the Box-Muller algorithm, where two sets of random numbers are
generated between the closed interval [-1,1]. Let the two random numbers be x and
y. They are independent and uniformly distributed between the closed interval such
that the square root of the sum of their individual squares lies between (0,1). If not,
then the random number pairs are discarded, and another pair of random numbers
are tried. The generated random numbers follow a Gaussian distribution as shown
in Fig. A.2. For each data point, the code is run over for N (10,000-50,000) random

numbers. The larger the value of N, the better the generated result. After the ran-
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Figure A.2: Gaussian distribution of random numbers.

dom numbers are generated, they are fed into the velocity of each atom multiplied
with a factor of the most probable velocity (v,) of an atom and a normalization
factor. The velocities are represented as v = x * v, * f and vy = y * v, * f where
f= %H(S) and s = 22 + y%. Then the integration is performed by summing over

all the generated values of the observable quantity, and it is averaged over N to get

the result.

A.2 Comparison of non-interacting two-atom sys-
tem with a single-atom system

The probe EIT transmission is calculated for a single-atom system using the effective
three-level calculation as described in Sec. 5.6 and is represented in Fig. A.3 by
the solid black line. The EIT transmission for a non-interacting two-atom system is

calculated from the two-atom model and is represented using open red circles. The
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Figure A.3: Comparison of probe transmission calculated using single-atom system
(solid black line) and non-interacting two-atom system (open red circles) for Ak = 0.
Here, k, = 0.007 x 10° m~'. The laser parameters used in the model are ; = 25
MHz, Q, = 110 MHz, Q3 = 25 MHz and Q, = 160 MHz, A, = 1200 MHz, Az = 1000
MHz and A, is adjusted around Ag such that the transmission is symmetric.

EIT transmission for a non-interacting two-atom system matches perfectly with that
for a single-atom system. As discussed in chapter 5, the motion-induced dephasing
can be eliminated in this system. The absence of residual wave-vector (Ak = 0)
leads to transparency of the EIT signal to be nearly 90%, which has been discussed

in detail in chapter 5.

A.3 Observation of Rydberg blockade phenomenon

Fig. A.4(a) shows the comparison of EIT transmission for non-interacting two-atom
system with two-atom interacting system for Ak = 0. The strong interaction be-
tween Rydberg atoms leads to the phenomenon known as Rydberg blockade [50].

Due to the blockade phenomenon, the EIT transmission is suppressed. In the ab-
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Figure A.4: Comparison of probe transmission calculated for non-interacting two-
atom system (open red circles) and interacting two-atom system with A;,;, = 100
MHz (open black circles) for (a) Ak = 0 and (b) Ak = 0.013 x 10° m~!. Here,
k, = 0.007 x 10° m~!. The laser parameters used in the model are {; = 25 MHz,
2y = 110 MHz, Q3 = 25 MHz and €4 = 160 MHz, A; = 1200 MHz, A3 = 1000
MHz and Ay is adjusted around Az such that the transmission is symmetric.

sence of a blockade, the light gets completely transmitted under EIT. But in the
presence of Rydberg blockade, only one of the atoms is excited to the Rydberg state
and the second atom is not, leading to the absorption of the light by the second
atom and hence reduction in EIT transparency. The observed suppression in EIT
transmission because of the strong interaction between Rydberg atoms is similar to
that observed in ultra-cold atoms [57]. The reason for similar suppression is the
elimination of motion-induced dephasing in the system. If Ak = 0.013 x 10® m~!,
as shown in Fig. A.4(b), the EIT transmission reduces for two-atom non-interacting
system. Also, the suppression in EIT transmission is reduced for the two-atom

interacting system with non-zero Ak.

A.3.1 Dependence of Rydberg blockade on k.

Fig. A.5 shows the normalized blockaded transmission as a function of k.. Normal-
ized blockaded transmission is defined as the ratio of blockaded probe transmission
to probe transmission for a non-interacting system. An increase in k. leads to a

reduction in the blockade effect. This effect is understood as a reduction in the
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Figure A.5: Normalized blockaded transmission as a function of k. with k, =
0.007 x 106 m~! for A;,; = 100 MHz. The laser parameters used in the model are
Q, = 25 MHz, Q = 110 MHz, Q3 = 25 MHz and Q, = 160 MHz, A, = 1200
MHz, Az = 1000 MHz and A, is adjusted around Az such that the transmission is
symmetric.

effective number of atoms participating in the blockade process. With a non-zero
residual wave vector, only a certain velocity class of atoms are resonant to the probe
and coupling field. This means that only a certain velocity class of atoms is resonant
to the EIT process. An increase in the residual wave vector has a significant effect

on the suppression of the Rydberg blockade phenomenon.

A.3.2 Variation of Rydberg blockade with super-atom de-
phasing

There is another dephasing mechanism, called the super-atom dephasing (I'y), which

occurs due to the transverse velocity of the atoms in the thermal vapor system [92].
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This happens when an atom moves out of the blockade sphere and another atom
enters the blockade sphere, leading to the dephasing of the multi-atom coherence due
to the Rydberg blockade. Super-atom dephasing can be understood as the dephasing
of the coherence between the singly excited Rydberg states. It is introduced into
the L£p matrix by hand for the singly excited Rydberg states, i.e., ps¢ and prg. If
2ryAk > 1, then T'y is given by the transit time of the atoms through the blockade
sphere, where 1, is the blockade radius. If 2r,Ak < 1, then the super-atom dephasing
is given by Akvg,,, Where v,,4 is the average velocity of the atoms [92]. If the residual
wave-vector is eliminated in the system, i.e., Ak = 0, then the decoherence in the
system is dominated by the transit time decay rate of the atoms. The transit time

decay rate can be 100 kHz for a beam diameter of 1 mm.

A.3.3 Effect of A;,; on Rydberg blockade

If Ay > ~vErr, then the blockade effect does not depend on the interaction shift
of the Rydberg state [57] where yg;r is the linewidth of the EIT signal. This has
been verified with the codes for this system. In the analysis, A;,; = 100 MHz, much
larger than the typical EIT width of 2 MHz.

The study presented here is a proof of principle for observation of blockade
phenomenon in thermal vapor systems. This cannot be directly applied to model the

experimental results. In a typical experimental situation, the number of atoms inside

the blockade sphere is N, = N %m’g. The blockade radius is defined as r, = ¢ %SfT
where Cj is the coefficient of van der Waals interaction. For the vapor density used
for the simulation, if the lasers are tuned to 353% state, then on average, there are
two atoms inside the blockade sphere. If the lasers are tuned to a different Rydberg
state or the vapor density is changed, then the number of atoms inside the blockade
sphere can be varied. For n atoms inside the blockade sphere, a model with n
interacting atoms is needed to understand the effect of the blockade phenomenon.

All the atoms inside the blockade sphere will be collectively excited and behave like

a single super-atom. The absorption of the probe laser beam will be given by an
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ensemble average of all the super-atoms present within the interaction volume of
the laser field interacting with the atomic vapor. The analysis presented here is a

theoretical demonstration of the Rydberg blockade for two interacting atoms.
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