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ABSTRACT

This thesis reports on the theoretical and experimental studies of closed loop multi-level
systems, where electromagnetically induced transparency (EIT) is dependent on the
phase difference between the electromagnetic fields forming the loop. We first theoreti-
cally investigate a scheme to develop an atomic-based microwave (MW) interferometry
in Rb, based on a six-level loopy ladder system involving the Rydberg states in which
two excitation pathways interfere constructively or destructively depending on the phase
between the MW electric fields closing the loop. Then we compared the field strength
sensitivity to previous demonstrations on MW electrometry employing Rydberg atomic
states, this is two orders of magnitude more sensitive to field strength. Because previ-
ously investigated atomic systems are only sensitive to field strength but not to phase,
this scheme offers a great opportunity to characterize the MW completely, including the
propagation direction and wavefront. Currently, we do not have the experimental facility
for Rydberg excitation so we cannot conduct the experiment of the above theoretically
proposed work. However, we could demonstrate the phase-dependent EIT in the different
configurations of a closed loop double-lambda system at 780 nm and 420 nm transitions

in 8"Rb at room temperature.

For the MW field measurements, the sensitivity can be improved by employing the cold
atoms because cold atoms reduce the Doppler mismatch between the 780 nm probe and
480 nm control fields and also minimizes the collisions and transit time dephasing effect.
Taking this into consideration, we have also set up the cold atom experiments and so far
we have characterized the ®Rb atoms in the MOT using the 5S; 5(F = 3) — 5P 5(F =
4) broad cyclic IR transition at 780 nm where we trap around 1.5x10% number of atoms

at a typical temperature of 500 pK.

In laser cooling and trapping experiments, the temperature of the cold atoms is sensitive
to the lock point of the laser fields. The laser locking can have an offset from the line
center of the transition which depends upon the linewidth of the transition. In order
to determine the lager lock offset on a particular atomic transition, we also present an
experimental study on the effect of detuning on a velocity-induced population oscillation
(VIPO) dip which is used to precisely determine the lock point with an uncertainty of
around 100 kHz.
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Chapter 1

Introduction

ATOMIC coherence in multi-level systems, arising by simultaneous driving of the
levels with electromagnetic fields is the key for quantum interference effects in the near-
resonant electromagnetic field-atom interaction. Atomic coherence can result in a num-
ber of interesting phenomena like electromagnetically induced transparency (EIT) [4, 5],
coherent population trapping (CPT) [6], lasing without inversion [7-9], storage and re-

trieval of light [10-12].

In multi-level system, EIT is a phenomenon in which the probe absorption is modified
in presence of strong electromagnetic fields known as pump or control fields and has
been extensively studied [13-15]. The EIT phenomenon can be explained using two ap-
proaches: the bare atomic state picture and dressed states atomic picture. In the bare
atomic state picture, EIT takes place due to the coherence induced between the levels
which are not directly driven by the electromagnetic fields. In the dressed states atomic
picture, the presence of strong pump fields creates dressed states providing different ex-
citation pathways for the weak probe field resulting in quantum interference between
the different pathways. For three level system, there are three possible EIT configura-
tions which are A, V and E-type systems [16-18]. One of the striking features of EIT

is the narrow linewidth that it offers which is the reason for many fundamental and key
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applications in high-resolution spectroscopy [19-21], polarization control [22-24|, mag-
netometry [25-31], atomic clocks [32], Raman velocimetry [33], slow light [34-36], laser

cooling [37], etc.

Further, EIT involving Rydberg atomic states is an important spectroscopic tool for many
interesting phenomena and applications such as dipole blockade [38], photon-photon
interaction [39], optical nonlinearity [40], quantum information [41], nonlinear optics [42],
microwave [43, 44| and radio-frequency measurements [45-47]|, etc. Rydberg states are
atomic states with high principal quantum number n and possesses large polarizability.
The above-mentioned applications are made possible by the properties of the Rydberg

states.

1.1 Motivation

One of the interesting properties of the Rydberg states is its large electric polarizability
which makes the Rydberg atoms to be highly sensitive to the electromagnetic fields. The
frequency range of the electromagnetic fields can span from the radiofrequency (RF),
microwave (MW) to terahertz due to the availability of the Rydberg states separated at
the frequencies that can be driven by these fields by choosing the appropriate principal
quantum number n. Electromagnetic fields are characterized by their strength, frequency,
polarization and phase. Recently the atom based electrometry for electromagnetic field
measurements has been investigated using the Rydberg atoms [48-53]|. The atom based
electrometry has been used to measure the strength of MW electromagnetic fields with a
high sensitivity up to 30 £V em™ Hz=1/2, minimum detectable field up to 8 pV cm™!
[49] and the polarization with an angular resolution of 0.5° [50]. The phase has also been
measured using the atom based MW electrometry by heterodyne technique where there

is interference between the two MW fields in space leading to a phase resolution of 0.6°

[54].

In comparison to the above atom based MW electrometry, the minimum detectable field
using the traditional antenna method for the MW field is only up to 10 mVem ™! [55, 56].

Using the optical method for the electromagnetic fields converted by the dipole antenna
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the minimum detectable field is improved up to 30 pVem™! [57] with sensitivity upto
1 mVem~! Hz='/2 [56]. So, the strength sensitivity achieved by the atom based MW
electrometry is three orders of magnitude better than the traditional antenna method.
Further, the spatial resolution of the atom based MW electrometry is sub-wavelength
(Anw/650) [58] which is difficult to achieve with traditional antenna method as the
dimension of the antenna itself happens to be Ay /2. The atom based MW electrometry
is carried out using a four level ladder system and a very basic experimental set-up with
a Rb cell operating at room temperature [49]. But it is not sensitive to the phase of
the electromagnetic field because in steady state EIT is not sensitive to the phase of the
electromagnetic fields for open loop system which limits the phase determination. This

limitation can be overcome by using the closed loop multi-level system.

In steady state regime for closed loop multi-level systems, phase-dependent EIT has
been observed and has been rigorously studied [59-62]. These studies show that in the
closed loop multi-level systems coupled by multiple pump fields, there can be different
excitation pathways provided by the pump fields that can interfere constructively or de-
structively depending upon the relative phases of the electromagnetic fields forming the
loop. The different paths of excitation can also be due to oppositely polarized electro-
magnetic fields and hence the interference is observed between them which is in contrast
to the interference in space. Hence, this provides us the opportunity to characterize the
electromagnetic field completely which includes the phase. In this thesis we present a
theoretical study of the atom based MW interferometry using a six level loopy ladder
system involving the Rydberg states which is phase sensitive and is two orders of mag-
nitude more sensitive to field strength as compared to previous demonstrations. In a
similar line to our theoretical study, an experimental work has also been done using a
loopy system for the phase measurement of RF field which is measured over a range of

m, and a sensitivity of 0.1° is achieved [63].

In order to experimentally realise the principle of phase-dependent EIT (i.e., atomic co-
herence based interferometry) in closed loop systems, we present a double A-type system
to study the phase sensitivity and frequency response of the system. We have chosen
two configurations of the double A-type system. The first configuration involves the ex-

cited states with same decay rates at the 780 nm transition and the second configuration
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involves the excited states with different decay rates at the 780 nm and 420 nm transi-
tions. Previous demonstration for the phase-sensitivity in the double A-type system, has
also been reported but involving states with same decay rates at 780 nm transition [64].
The double A-type system has also be demonstrated using artificial atoms for the phase
detection where the interference between the fields can have a large frequency difference

[65].

The sensitivity of the MW field measurement at room temperature is also limited by
the transit time broadening, Doppler mismatch between the probe and the control fields,
collisions, etc. These effects can be reduced by employing a cold gas cloud of atoms,
which will also increase the sensitivity of the MW field measurement. In light of this,
we also present the laser cooling and trapping experiments for Rb atoms at 780 nm
transition using magneto-optical trap (MOT) where we determine the temperature of
the atoms. The cold gas cloud of Rb atoms is also a starting point for many experimental
studies in high precision spectroscopy [66], atom interferometry [67, 68|, Bose-Einstein

condensation (BEC) [69], atomic clocks [70], etc.

In laser cooling and trapping experiments, the temperature of the cold atoms is sensitive
to the lock point of the laser fields. The laser locking can have an offset from the line
center of the transition which depends upon the linewidth of the transition. In order
to determine of the laser lock offset on a particular atomic transition, we present an
experimental study on the effect of detuning on a velocity-induced population oscillation
(VIPO) dip and utilize the effect to precisely determine the lock point. VIPO is a
phenomenon of temporal modulation of population difference between two levels induced
by the beating of the two laser fields with same polarization driving the same transition
|[71-73]. The VIPO phenomenon has also been rigorously studied for the saturated
fluorescence spectrum in two-level system and is a very useful spectroscopic technique
for weak transitions [74]. It has also been utilized for the removal of crossover peaks and
broadening due to mismatch of the wavelength for probe and control lasers |75, 76| and
hence resolve the closely spaced hyperfine levels in Rb for Doppler mismatched double

resonance [77].
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In summary, the thesis aims to establish a connection between microwave field measure-
ments, laser cooling and trapping experiments, and the VIPO phenomenon in order to
improve the sensitivity of the microwave field measurements and advance our understand-
ing of atomic physics. As the sensitivity of MW field measurement at room temperature
can be limited by various factors, including transit time broadening, Doppler mismatch
between the probe and control fields, and collisions. However, using laser cooling and
trapping of atoms enable the production of a cold gas cloud of atoms, which can reduce
these limitations. The temperature of the cold atoms in these experiments is sensitive to
the lock point of the laser fields. The lock point of the laser fields can have an offset from
the line center of the atomic transition. The VIPO phenomenon is a useful spectroscopic
technique that can be used to determine the laser locking offset. By precisely determin-
ing the laser lock point using the VIPO phenomenon, we can improve the accuracy of
measurements, and the use of cold atoms can further reduce the limitations caused by
transit time broadening, Doppler mismatch, and collisions, leading to an improvement

in the sensitivity of field measurements.

1.2 Thesis outline

This thesis presents the study of the electromagnetic wave interferometry in closed loop
multi-level systems based on atomic coherence. The thesis is divided into seven chapters,

each of which is explained in the following sections.

Chapter 1 titled as "Introduction" discusses the background on atomic based sensors
involving the atomic coherence effects, as well as the motivation for the research and a

general summary of the thesis.

Chapter 2 titled as "Theoretical framework" discusses the theoretical basis of the
electromagnetic field-atom interaction using the semi-classical approach. The chapter
begins with the simplest system, a two-level atom interacting with an electromagnetic

field. The density matrix formalism is used to determine the polarization of the medium,
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susceptibility, atomic coherence, and population of the distinct atomic states. The chap-
ter then moves on to the generalization of the density matrix formalism for multi-level
atom. The mechanism for Doppler cooling, as well as laser cooling and trapping of atoms,
are briefly discussed. The atomic structure of Rb and some relevant information, such
as the theory of fine, hyperfine interaction and Zeeman splitting are discussed at the end

of the chapter.

Chapter 3 titled as "Highly sensitive atomic based MW interferometry" presents
the theoretically study of a scheme to develop an atomic based microwave (MW) inter-
ferometry in Rb. This scheme is based on the phase-dependent EIT where we employed
a six-level loopy ladder system involving the Rydberg states in which two excitation
pathways interfere constructively or destructively depending on the phase between the
MW fields forming the loop. We compared the MW field strength sensitivity to previous
demonstrations on MW electrometry using Rydberg atomic states, and found that this
is two orders of magnitude more sensitive to field strength. As the previous demonstra-
tions are only sensitive to field strength and not to the phase, this scheme offers a great
opportunity to characterize the MW completely, including the propagation direction and

wavelront.

Chapter 4 titled as "Atomic coherence based multi lasers interferometry"
presents the experimental study of an atomic coherence based multi laser interferom-
etry in a closed loop double A-type system using a Rb vapour cell at room temperature.
This scheme is based upon the principle of phase-dependent electromagnetically induced
transparency (EIT). EIT in closed loop systems is dependent on the phase difference
between the electromagnetic fields forming the loop. The phase dependence arises from
the fact that there are two paths of excitation which can interfere constructively or de-
structively depending on the phase difference between them. These two paths can be due
to two oppositely polarized electromagnetic fields and hence the interference is observed
between them which is in contrast to the interference in space. In order to experimentally
realise the principle of phase-dependent EIT (i.e., atomic coherence based interferome-

try) in closed loop systems, we explore this effect in two different configuration of a closed
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loop double A-type system. The first configuration involves the excited states with same
decay rates at the 780 nm transition and the second configuration involves the excited

states with different decay rates at the 780 nm and 420 nm transitions.

Chapter 5 titled as "Characterization of ®®Rb MOT with 780 nm laser" presents
the characterization of the cold Rb atoms in the magneto-optical trap (MOT). We set
up the cold atom experiments and performed the cold atom characterization for 8°Rb
atoms in the MOT using the 53, 5(F = 3) — 5P3/5(F = 4) broad cyclic IR transition
at 780 nm. We studied the behaviour of the cold 8°Rb atoms in the MOT with various
parameters such as hold time, power of cooling beam as well as the repumping beam.
We also measured the optical density, the number of atoms and the temperature using

absorption imaging.

Chapter 6 titled as "Effect of detuning on velocity induced coherent population
oscillation" presents an experimental study on the effect of detuning on the velocity
induced coherent population oscillation (VIPO) for a Doppler mismatched double reso-
nance conducted on 780 nm at IR transition and at 421 nm at blue transition in 87Rb
at room temperature. We measured the shift of the VIPO dip from the line center of
the transparency or enhanced absorption (EA) peaks as a result of the lock offset point
of the resonantly driving laser i.e., the IR laser in this case. This effect is used to pre-
cisely determine the locking point of the IR laser on the 5S; /o(F = 2) — 5P3/(F = 3)

transition.

Chapter 7 titled as "Conclusions" outlines the thesis conclusions as well as future

study.
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Chapter 2

Theoretical framework

THIS chapter outlines the theoretical framework required in describing the research
works involved in this thesis which is the electromagnetic field-atom interaction. We be-
gin with the simplest system, a two-level atom interacting with an electromagnetic field,
and using a semi-classical technique where the atom is depicted as a quantum mechanical
object that interacts with the classical field to model the interaction Hamiltonian. The
density matrix formalism is used to determine the polarization of the medium, suscepti-
bility, atomic coherence, and population of the distinct atomic states. The chapter then
moves on to the generalization of the density matrix formalism for multi-level atom. The
mechanism for Doppler cooling, as well as laser cooling and trapping of atoms, are briefly
discussed. As this thesis involves the experiments in the Rb atomic medium, the atomic
structure of Rb and some relevant information, such as the theory of fine, hyperfine

interaction and Zeeman splitting are discussed at the end of the chapter.
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2.1 Electromagnetic field-atom interaction

The electromagnetic field-atom interaction has produced many amazing phenomena and
has received significant interest in the research areas of Atomic, Molecular, and Optical
(AMO) physics. Depending on the phenomenon we would like to explore, we have a
variety of approaches for describing them [78]. These can be classified into the classical,

semi-classical and full quantum approach.

In the classical approach, the atom is considered to be a classical harmonic oscillator
with an electron bound to a nucleus by a linear spring. If a classical electromagnetic
field interacts with such an atom, it begins to oscillate. This approach allows us to
explain a wide range of phenomena, including the refractive index (absorption and dis-
persion) of an atomic medium, laser cooling and trapping of atoms, however it does not
take into consideration fundamental concepts like the energy levels and size of atom. It
is not able to account for phenomena such as black body radiation, photoelectric effect,
etc. The quest to find solutions to these problems gave rise to other approaches. In
the semi-classical approach, the atom is considered to be a quantum mechanical object
with its discrete energy levels and the electromagnetic field to be a classical field. The
two-level atom is the simplest scenario utilized in this approach to represent the electro-
magnetic field-atom interaction. This approach allows us to describe numerous quantum
phenomena by solving the time-dependent Schrodinger equation using the density matrix
formalism, but it is unable to take into account the different types of quantum statistics
that exist in the electric field. In the full quantum approach, both the atom and the
electromagnetic field are considered as quantum mechanical objects, i.e, each mode of the
electric field is associated with a quantized simple harmonic oscillator. This approach is
superior because it can now account for everything that the classical and semi-classical

approach could not account for.

We will focus on the semi-classical approach of the electromagnetic field-atom interaction

since it is sufficient to explain the research work presented in this thesis.
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— [2)
AIZI

\ 4 |1)

FIGURE 2.1: The energy level diagram for a two-level atom with states |1) and |2)

separated in energy by hwis interacting with an electromagnetic wave of frequency w!,

and detuned from the atomic resonance by Ajs.

2.2 Two-level atom

We consider a two-level atom with a ground state |1) and an excited state |2) with
energies fuw; and hwo respectively, interacting with an electromagnetic field of frequency

w!y as shown in Fig. 2.1. We can write the Hamiltonian for such a system as
H = Hy + Hy, (2.1)

where Hy = hwi|1)(1] + fuwa|2)(2| is the bare atomic Hamiltonian such that Hp|l) =
fuvi|1) and Hy|2) = hws|2). Hf = — d-E is the Hamiltonian describing the electromagnetic-
field interaction, with the electric dipole d = —e7 and the electromagnetic field E =
éEgcos(wiyt) in the dipole approximation. In the dipole approximation, we have ne-
glected the spatial dependence of the field since the wavelength of electromagnetic field

is much larger than the size of the atom.

The atomic wavefunction |¢) as a function of time ¢ can be expressed as a linear combi-

naton of the states basis |1) and |2) given by
[9(1)) = e1(t)e ™ 1) + ca(t)e™*'|2), (2.2)

where c¢i(t) and cy(t) are the complex co-efficients. The evolution of the system is

governed by the time-dependent Schrédinger equation given by

i) = HIy(t). (2.3)
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In order to obtain the dynamics of the system, we solve the time-dependent Schrédinger
equation by substituting 2.1 and 2.2 into 2.3 and we obtain a set of coupled differential

equations

ihe1 (t) =ea(t)(1]d - E|2)e i w2—wnt
(2.4)

ihca(t) =c1(t)(2]d - E|1)eiwe—wnt,

ek (2 r[1)
h
strength between the electromagnetic field and atom. Using the exponential form of

We then introduce the Rabi frequency 212 = — which describes the coupling

cos(wllzt), the above coupled equations can now be written as

zhcl(t) :hQIQ |:€i(w112—(w2—w1))t + e—i(w52+(w2—w1))t:| CQ(t),
M% (2.5)
ihca(t) 42 [ei(wlm'*‘(wz—wl))t + e—i(wﬁz—(wrwl))t} c(t).

We now employ the rotating wave approximation (RWA) to eliminate the counter-
rotating terms like wi, + (w2 — w1) which oscillates at about twice the frequency of
the interacting electromagnetic field, as their time dependence averages out to zero. It
is a good approximation close to resonance |w!y — (we — wy)| < (w2 — wy), and when

the Rabi frequency is sufficiently small (2 < w!y) [79]. The above coupled equations

reduced to 0
1hcy (t) :TmeiAthQ (t),
O (2.6)
ihéa(t) :Tme_m”tcl(t),

where A1 = wi2 — (we — w1) is defined as the detuning of the electomagnetic field. To
remove the explicit time dependence from the above equations, we define the transfor-

mations given by

ai(t) =cai (1),

' (2.7)
CNQ(t) :eilAIQtCQ(t).
In terms of these new coefficients, the above coupled equations become
. hQ
iREL(t) =—226(t),
(2.8)

o ha
iRy (t) =—2261(t) — hA1zca(2),
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and the Hamiltonian can be written in matrix form as

Q2
H=h| o 2 (2.9)
_— @ 0 . .

2

Assuming at ¢t = 0, the total population is in the ground state |1) such that ¢; = 1 and

ca = 0, then on solving Eqgs. 2.8 we obtain the expression

O? Qot
t2:£'2< 12) 2.10
0 = Gitsin® (Z), (210)
where Q)5 = /|Qu2|2 + AZ,. |ca(t)]? is the probability of finding the population in the
excited state |2) at time t. At resonance Ay = 0, the above expression of probability

reduces to

o (D) = sin%%), (2.11)

where we can see that the probability to be in the excited state |2) undergoes Rabi

oscillations between |1) and |2) at frequency €12 which is known as the Rabi frequency.

The Hamiltonian given in Eq. 2.9 is diagonalized to find the eigenvalues and eigen

vectors. The eigen values are
h /
ELQ = 5(—A12 F le). (212)

For large detunings Q12 < |A12], the energy shift of the ground |1) and excited |2) states

are given by

hQ?
AE 5 =+_—12 2.13
12 =H7R (2.13)
which is known as light or AC Stark shift. The corresponding eigenvectors are
|[+) = cosf |1) — sind |2) ,
(2.14)

|—) = sinf |1) + cosb |2) ,

A
where cos26 = — 9,12 . |%) are called the dressed states of the atoms. At resonance Ajg =
12
1 2 hQ2
0, the eigenstates become |+) = H\—%H The energies E1 9 = :|:7 are unperturbed

and this energy splitting is called the Autler-Townes splitting [80].
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2.2.1 Density matrix formalism

The evolution of the system has been characterized in terms of state vector |¢) which
gives complete information about a system in a pure state. Although we cannot measure
|1) directly in experiments, we can measure the expectation values of any Hermitian
operator A defined as < A >= (4| A|1)). We alternatively define a density operator p

which we can express in terms of [¢)) given by

p =) (¥, (2.15)

which can be written in matrix form for a two-level system as

. P pr2| c(®)e )" ci(t)ea(t)” _ (2.16)

P21 p22 ca(t)er(t)”  ca(t)ca(t)”
The diagonal elements are called populations and the off-diagonal elements are called
coherences and has the property pi1 + p22 = 1 and p2;1 = pjs. The system changes
its state from original state to final state as a result of the incoherent processes like
spontaneous emission, the collisional and transit relaxation, which also transforms a
pure state into a statistical mixture. For a statistical mixture of states |1;) the density

matrix operator of the system is given by

p=>_ Pili) (¥il, (2.17)
i=1

where P; is the probability of the system being in state [¢;). The time evolution of the
density matrix operator is obtained from the time-dependent Schrédinger equation Eq.
2.3 and is expressed as

i

F[H.p). (2.18)

p

This equation is called the Liouville’s equation and describes only the coherent process.
To include the incoherent processes such as spontaneous emission, the decay rates are

added phenomenologically in Eq. 2.18. In the two-level system, the time evolution of
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the population due to spontaneous emission with a decay rate of I'g [81] is given by

p22 = —paz = —T'ap22, (2.19)
and that of the coherences

) ) r

P21 = —pP12 = *52,021- (2.20)

The full equation governing the evolution of the density matrix in two-level system is

now given by

Iy
; i —Iap22 5 P12
p=—=Hpl | p, : (2.:21)
—p21 Tapoo

2

Using the Hamiltonian given by Eq. 2.9 in Eq. 2.21, we obtain the coupled equations

for two-level atom

. i,
P11 25(9 p21 — Qp12) + Lapaa,

. (o . r ,
pr2 =5 (p22 — p11) — (?2 i 1A12>P12,
. (2.22)
. i r,
P21 259(011 — p22) — (? - 2A12),021,
. { o
P22 25(9012 — Q%p21) — T'apoa.
These equations are called the optical Bloch equations (OBE). On solving, the coherence

terms gives us the probe absorption and the population terms gives us the scattering

rates.

2.2.2 Multi-level atom

The density matrix formalism can be extended to multi-level atom excited by several

lasers. The generalized Hamiltonian for a multi-level atom can be written as

2

)

n n
H=Hy+H = hwli) (i] + [E IECLEL (il p om i |y (4 1] h.c.],
)

(2.23)
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where, h.c. is the Hermitian conjugate and ();; = dijEijeid’ij is the generalized Rabi
frequency for the transition [i) — (j| having dipole matrix d;;. For simplicity of calcu-
lation, the Hamiltonian is transformed to the interaction picture using a time evolution

operator U defined as
U = eMot/h = "¢t |4 (i . (2.24)

The transformation of Hamiltonian is given by

n

UHU* =3~ hwi[i) (il + | Y 5t (b o b= i) (G 41| 4 hec.).

7

(2.25)

Under the assumption that ]wzl-’iﬂ — (wit+1 — w;)| < 0 which is the resonance condition,

Fwl ;1 Hwit1—wi)

the terms like e oscillating with twice the frequency of wé ;41 are elimi-

nated as their time dependence averages out to zero by RWA. The general detuning of
the electromagnetic field is defined as A; ;41 = sz 41 + (Wiy1 +w;). The transformed

Hamiltonian after RWA is given by

& h A A )
H=> hwli) (i + 5 [ngezAmt 1) (2] + Q13€™213 |1) (3] + ... + Qoze™2231|2) (3](2.26)

+ Q9421 12) (4] + .. 4 Q16T B0t | — 1) (n] + hec.|.

In order to remove the time dependence, the Hamiltonian needs to be transformed in
corotating frame and the new basis is known as rotating basis. The unitary matrix U

which transforms the Hamiltonian is defined as
U =1|1) (2] + €12t |2) (2] + ! (BER12)t 3y (3] 4 (2.27)
for atomic systems such as Z-type and A-type systems and

U =1]1) (2] + 2128 ]2) (2] + €231 |3) (3] + ..., (2.28)
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[1) [1)
() (b)

FIGURE 2.2: The energy level diagram for the (a) Z-type, (b) A-type, and (b) V-

type configuration with states |1), |2) and |3) interacting with electromagnetic fields of

frequencies w!, coupling the states |1) and |2) and wh; coupling the states |2) and |3)
with Ajs and Asg as the respective detunings.

for V-type. The new basis is related to old basis by ‘@Z)> = U |¢)). The Hamiltonian in

corotating frame should satisfy the Schrodinger equation as

H

@5> - m)¢> (2.29)
:ihﬁ7w»4—ﬁ¢]EW¢>
= [mﬁm + fmm} 0 |4)

3.

Finally, the dynamics of the system can be studied in density matrix formalism using

L [ihﬁﬁ* n UHUT}

the Liouville master equation given by,

) 1
)= ——[H,p] — ={T 2.30
p=—7IH,p] = 5{l:p}, (2.30)
which on solving we obtain a linear set of n? coupled differential equations. The com-
ponents p;; correspond to the population terms of the levels |i) and the non-diagonal

elements p;; describe the coherences between levels |i) and |j).

The two-level atom is an ideal representation of the real atom, in reality the atom is multi-
level. The presence of a third level in system such as A, Z and V type shown in Fig. 2.2
reveals many other quantum phenomena such as optical pumping, electromagnetically

induced transparency (EIT), etc. Optical pumping is an important incoherent effect that
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FI1GURE 2.3: The probe absorption, pjo vs probe detuning, Ajs. The black curve shows

the probe absorption in absence of coupling field, 203 = 0 which is a Lorentzian and

red curve shows the modified probe absorption in presence of coupling field 293 % 0
which is the effect of EIT.

arises from the availability of more than one decay channels where as EIT is a coherent

phenomenon that occurs when more than one lasers are involved.

Electromagnetically induced transparency

In this section we discuss the phenomenon of EIT using the A-type configuration shown
in Fig. 2.2b where states |1) and |2) are coupled by a probe field 15 and states |2) and
|3) by a control field 93. The Hamiltonian for the A-type configuration under RWA and

in rotating frame can be written as

Q12
Q0 — Q0
H=h 712 —2A15 % : (2.31)
Q
0 % —2(A1s — Agg)

where Ajs and Asg are the detuning of the probe and coupling fields respectively.

In the bare atomic state picture, the absorption of the probe field in a A system is

analysed between bare states |1) and |2) using density matrix formalism and is given by
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p12. The expression for pis is given by

1951

_ 1§D
P12 = 7l |923|2 . (232)

411223

[VES
N

The probe absorption as a function of probe detuning Ais is plotted in Fig. 2.3. When
the coupling field is off, the probe absorption is shown by a black line which is an
absorption peak. When the coupling field is on, the probe absorption is shown by a red

curve which shows the EIT resonance at line center.

In the dressed state atomic picture, assuming the case for two-photon resonance condition

A19 = Agz = A and then diagonalizing the above Hamiltonian we obtain the eigenvalues

E;=0 and E2’3 =A+ \/9%2 + 933 + AQ, (233)
with corresponding eigenstates known as the dresses states

|D) = cosf |1) — sinf |3) ,
|+) = sinfsing [1) + cosf |2) + cosfcose |3) , (2.34)

|—) = cosbsing |1) — sinf |2) + cosfcose |3) ,
and the mixing angles

Q V2, + Q3
tanf = — and ¢ = ﬂ (2.35)

12
Qo3 A

We can infer from Eqs. 2.34 that the zero energy eigenstate | D) has no contribution from
state |2) and is called a dark state since there is no possibility of excitation to state |2).
However, the states |+) contains all the bare atomic states |1), |2) and |3) are known as

bright states. These pairs of states are shifted in energy by

ABys = 2<A /A2 403, + ), (2.36)

which is known as Autler-Townes splitting. In the weak probe limit Q19 < 93 and for

A = 0, the dark state becomes identical to the ground state |1), |D) = 0. The bright
1) £ |0
states |+) = M have excitation probability amplitudes that are equal but opposite

V2
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in signs leading to destructive interference of the two excitation pathways. In other
words, the probe beam is transmitted rather than being absorbed, an effect commonly

known as EIT.

2.2.3 Microscopic and Macroscopic relation

The density matrix formalism determines the state of a two-level system that is inter-
acting with an electromagnetic field. Relating this microscopic theory for a single atom
to laboratory observations like absorption spectra is our objective. In order to relate the
microscopic and macroscopic properties we begin with polarizability which completely

characterizes the response of the atom to the electromagnetic field and is written as

—

P = cox(w!y)E, (2.37)

where ¢q is the permittivity of free space and x(w!,) is called the susceptibility of the
medium which is a key parameter that describes the absorptive and dispersive properties
of the medium. For simplicity we have assumed that the electric polarization Pis linearly

proportional to the electromagnetic field.

We know that the dipole moment of a single atom can be calculated using the density

matrix operator as
(d) = Tr(pd) = dia(proe ™12t + poeiat). (2.38)

By definition the polarization P of the atomic medium is dipole moment per unit volume
and is given by

P =n(d), (2.39)

N
where n = v is the atomic number density. Substituting Eq. 2.38 in 2.37 and equating
2.37 and 2.39

. . 1 . ,
ndiz(prae” 12! + pyre’iol) = §€0E0(X(wiz)€7’w112t + X (W)™, (2.40)
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we obtain the expression
27”Ld12

€0

X(Wlm) =

P125 (2.41)

which is a relation between susceptibility and the induced dipole moment of the atom
and it establishes the link between the macroscopic and microscopic properties of the
medium. This result can be generalized in a very straightforward way to establish the

susceptibility in a multi-level atom.

2.3 Laser cooling: Doppler cooling

Laser cooling and trapping [79] of atoms is an essential experimental method that is
widely used in AMO physics. It depends on the electromagnetic field-atom interaction,
in which the laser light radiation force causes atoms to slow down. As temperature is a
measure of kinetic energy which is the average speed of an ensemble of atoms (average
thermal motion per atom), so slowing will result in cooling. Cold atoms have many
benefits, including the elimination of the Doppler effect, an effective reduction in the
collisional dephasing rate and offers low interaction of an atom with its environment
leading to long coherence time. This section discusses the fundamental principles involved

in laser cooling and trapping of atoms with regards to the magneto-optical trap (MOT).

The concept of laser cooling is based on the idea that when a resonant photon is absorbed
by an atom then by conservation of momentum, its momentum is transferred to the atom.
When a photon with momentum p, = hk and frequency wﬁQ that is red detuned by Aqo
from the atomic resonance wis counter-propagates with an atom of momentum p, due to
Doppler effect, the counter-propagating photon becomes closer to the atomic resonance
w12 and the photon is absorbed by the atom. The small momentum transfer due to
absorption of a single photon changes the momentum of the atom by a recoil momentum
given by p,. The absorption is followed by a spontaneous emission process giving the
atom another momentum transfer p/. = hk’ but in a completely random direction leading
to no average momentum gain i.e., < p. >= 0. Therefore, the only reason the atom
experiences a resultant momentum transfer is due to the absorption of photons. The

sketch depicting Doppler cooling is presented in Fig. 2.4.
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F1GURE 2.4: A sketch depicting a simplified Doppler cooling mechanism. p is the initial
momentum of the atom, wys is atomic resonance, wlm is the photon frequency, Aqs is
the detuning and n is the number of absorption and emission cycles.

FIGURE 2.5: Schematic showing radiation force acting on the atom is directed along
the laser beam.

Force (arb. units)

-20 -10 0 10 20
Velocity (T'},/v)

FI1GURE 2.6: Radiation force vs velocity.
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Consider a two-level atom moving with a velocity ¥ counter-propagating with a laser
beam of frequency wlu detuned slightly below the atomic resonance wis, the radiation

force exerted by a laser beam depends on the photon scattering rate I's. given by

—>

F = hkTy, (2.42)

where
I'125/2

[y = )
1+ S+ [2(A12 — kv)/T12]?

(2.43)

Here, S = I/I, is the saturation parameter, I is the intensity of the laser, I, = whel' /33
is defined as the saturation intensity of the transition and Ao = (wllz — wig) is the
detuning of the laser beam. Now, we introduce another laser beamn but co-propagating
with respect to the atom as shown in Fig. 2.5. Then the total radiation force exerted on

the atom from the two beams is given by
F=F, -F_, (2.44)

where
hREkT9 S

il — = :
= 2 1+85+ [2(A12 + kv)/l“lg]Q

(2.45)

The forces exerted by the laser beams on the atom with respect to velocity is plotted
in Fig. 2.6. The dashed lines are individual forces exerted by the laser beams and solid
line is the resultant sum. It can be seen that the force acting on an atom is damping
its movement for all velocities and it is linear around v = 0. For small velocities when

|kv| < T the above equation reduces to

— 8hk?5T
F~ 2.46
L1+ S+ (26/T)2]2’ ( )
and in short it can be written as
F~ 37, (2.47)

8hk2§
[14 S+ (26/T)32)?
constant and is responsible for cooling the atoms. Keeping in mind that the force can be

which has the form of a damping force where § = T is a damping

either attractive or repulsive depending on the sign of detuning, cooling is possible for
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FI1GURE 2.7: Schematic of optical molasses.

negative values of detuning, and in the opposite case, heating occurs and the atom gains
energy. This effect can be extended to 3D, by using three orthogonal pairs of intersecting
counter-propagating laser beams along three cartesian axes, causing cooling in all three
directions as shown in Fig. 2.7. This configuration is often referred to as optical molasses

(OM).

2.3.1 Doppler cooling limit

Each time an atom undergoes an absorption and emission cycle, it randomly gains mo-
mentum from photon recoil which leads to heating. This can be imagined as a random
walk problem in momentum space. Although the mean momentum still averages to zero
< pr >= 0 but the mean square momentum which enters the kinetic energy is non-zero
< p? >= 0. The lowest kinetic energy is called the Doppler temperature or Doppler
limit which results from an equilibrium between the cooling and heating processes. Using
Eq. 2.47, the cooling rate at which the kinetic energy is lost due to the radiation force
is given by

(dE — P =B (2.48)

E) cooling

Now, the heating rate due to the random motion of atoms as a result of spontaneous

emission of photons is given by

(dE 1d _ »

1
= = = —R’K’T 2.49
dt >heating M dt - e (2:49)

M
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which depends on the total photon scattering rate given in Eq. 2.43 where we have

considered for small velocities i.e., |kv| < T'12. At equilibrium, equating the heating and

(%&E) cooling (f)heaﬁng' (2.50)

The expression for temperature is obtained and is expressed as

cooling rates

Mv? _ hT3,(1+ S +4A3,/T,)

T =
3k 8kgAqs

. (2.51)

In the low intensity limit i.e., S < 1 and taking Ajo = I'12/2, the minimum temperature

is given by

TH ~ —=
D 2kB7

(2.52)

where Tp is called the Doppler temperature. According to this limit the lowest tem-
perature than can be achieved for Rb at 780 nm transition is 145.58 uK. However,
temperatures below the Doppler limit have also been achieved in laboratories, and these
results can be explained by sub-Doppler mechanisms like Sisyphus cooling [82, 83|, grey

molasses [84, 85| and evaporative cooling [86] which are outside the purview of this thesis.

2.3.2 Magneto optical trap

The mechanisms of Doppler cooling can reduce the temperature of the atoms but in order
to trap the atoms, a position dependent force is needed. The configuration that can cool
as well as trap the atoms is known as a Magneto-optical trap (MOT). The MOT is the
most common tool to trap and cool neutral atoms. It employs three orthogonal pairs
of intersecting counter-propagating laser beams for pushing the atoms into the center
where they are subsequently trapped in a potential minimum created by a magnetic field

as a result of the Zeeman shift.

To understand this mechanism, we will consider atoms in 1D MOT with two laser beams
of opposite circular polarization (o+ and 0~) detuned below resonance and counterprop-
agating along the z-axis in an inhomogeneous magnetic field of quadrupole symmetry B

as shown in 2.8. For atomic transitions with a ground state F = 0 and excited state F
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F1cURE 2.8: Schematic of MOT in 1D. Atoms in a magnetic field with quadrupole
symmetry and two counterpropagating laser beams

— -1 0 +1 —_ z

F=1 —_ = 2 Sl —_

BRVAANVAV/

FIGURE 2.9: Schematic of the energy level shift in presence of a magnetic field gradient.

= 1, the excited state splits into three Zeeman components in presence of an inhomoge-
dB

neous magnetic field and the sublevels splitting is linear with z as B = B(z) =
z

z
with zero at the center as shown in Fig. 2.9. For an atom on the left side of the trap,
the magnetic field is negative and the beam from the left is o polarized, the sublevel
mp = —1 increases in energy, and the o™ light becomes resonant with the atomic res-
onance. As a result, momentum is transferred along the o™ beam towards the center
of the trap. In this region, the counterpropagating ¢~ beam is more detuned from the
atomic resonance. This beam pushes the atom away from the center of the trap, but the
momentum transfer is very small. For an atom on the right side of the trap, opposite

happens where the sublevel mp = 41 increases in energy. Thus, the total force acting

on the atom is the sum of the forces exerted by both the beams. The above equation of
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FI1GURE 2.10: Schematic of a 3D MOT showing the six laser beams and current I flowing
in opposite directions generate magnetic field of spherical quadrupole symmetry.

force in 2.45 can be modified by including position dependent detuning term as

hkTg S
2 1+S—|—[Q(Alz:FkUZF;LB/h)/FHP’

Fo=+ (2.53)
where = gpmppup is the magnetic moment, gr is the Landé factor and uB/h is the
Zeeman shift. With the assumption that the Doppler shift and the Zeeman shift are
very small compared to I'12 i.e, |[kv| < T'12 and uB/h < T'12, the above equation can be

approximated as

FMOT == —57 — OL?, (2.54)

B /!
where o = 6—% is a damping constant. The coefficient of ¥ shows a dissipative force
z

and coefficient of z shows a restoring force which trap the atoms. The 1D MOT can
be generalized to 3D as shown in the Fig. 2.10 where the atoms are subjected to three

pairs of counterpropagating laser beams along three Cartesian axes under a magnetic

field with a spherical quadrupole symmetry with gradient along the z-axis.
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2.4 Rubidium structure

In this section, we provide a brief discussion on the Rb structure as the work in this thesis
is based on the Rb atomic medium. The relevant energy level diagram is as shown in the
Fig. 2.11 with fine and hyperfine structures. Rb has two stable isotopes with a natural
abundance of 72% for Rb and 28% for 8"Rb, respectively. It is one of the atomic species
that is most commonly used in experiments in atomic physics laser cooling and trapping
experiments for its requirement of relatively low temperatures to produce high vapour

pressures and easily available inexpensive diode laser at the required wavelength.

2.4.1 Fine structure

The fine structure results from the coupling of the orbital angular momentum L of the
outermost electron with its spin angular momentum S and is characterized by the total

electron angular momentum J which is expressed as
J=L+S, (2.55)

where J can take values between |L— S| < J < |L+ S|, the magnitude of Jis \/J(J + 1)
and the eigen value of .J, is myh. For the case of 8"Rb, S=1/2 and at ground state L=0
so J=1/2; at excited state L=1 so J=1/2, 3/2. Therefore, the shift in the energy level
is according to the value of J, such that the D line at L=0 — L=1 transition split
into two components i.e., the D; and Dy lines. The 5281/2 — 52P1/2 at 794.760 nm and
5281/2 — 52P3/2 at 780.027 nm transitions are the components of a fine-structure doublet,
D1 and D2 respectively [1, 2]. The 52S; /5 — 6*Py 5 at 421.673 nm and 62S; /5 — 5*Py o
at 420.298 nm transitions are the components of another fine-structure doublet, D1 and

D2 respectively [3] as shown in the Fig. 2.11.

2.4.2 Hyperfine structure

The hyperfine structure results from the coupling of the total electron angular momentum

J with the total nuclear angular momentum I and is characterized by the total atomic
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FIGURE 2.11: The relevant energy level diagram of 8°Rb and 8“Rb with the Fine and
Hyperfine structures[1-3].

angular momentum F which is expressed as
F=1+J. (2.56)

where F can take values between | — J| < F < |I + J|. For the case of 8’Rb, ground
state J=1/2 and 1=3/2, so F=1,2; at excited state of D line (52P1/2) F=1,2 and Dy
(52P3/2) line F=0, 1, 2, 3. Again, the shift in the energy level is according to the value

of F. The Hamiltonian which describes the hyperfine structure is

3132 +31-J-I(I+1)J(J+1)

Hygs = AnesI- I+ B 2.
nfs = AngsI - J + Bhs 22l + 1)J(2T — 1) ; (2.57)
which gives us the hyperfine energy level shift as
1 SK(K 4 1) —2I(I41)J(J+1)
AFBEyts = = Ans K + B2 2.
b = 5 At 21(21 + 1)2J(2J — 1) ’ (2.58)
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where

K=FF+1)—II+1)—JJ+1). (2.59)

where Apg is the magnetic dipole coupling constant and By, is the electric quadrupole
coupling constant which applies only to the excited manifold of the Dy transition and
not to the levels with J=1/2. The hyperfine energy level diagram of 8°Rb and 8°Rb is

shown in Fig. 2.11.

2.4.3 Zeeman Splitting

The hyperfine energy levels break into Zeeman components under magnetic fields, and
each hyperfine level contains 2F +1 magnetic sublevels. The Hamiltonian which describes

the atomic interactions in presence of a magnetic field is given by

Hp (9sS + gL+ g11) - B

_HB
h

=18 (95S. + grL. + g11.)B

—?(QS ztgrl. + 91 z) zy

where up is the Bohr magneton, gg, gr and gy are the g-factors of the electron spin,

electron orbital angular momentum and nuclear spin respectively. Here, the magnetic

field is taken along z which is the quantization axis.

If the energy level shift is small compared to the fine structure splitting then J will be a

good quantum number and the above interaction Hamiltonian reduces to

Hp = E2(gsJ. + g11.) B. (2.60)

where gy the Landé g-factor is given by

JIAD) =SS+ DL LL+D) | T+ 4SS +1) ~ LL+1)

_ 2.61
9 =IL 2J(J +1) 93 2J(J +1) (2:61)
1 D ES(S 1)~ L(L A1)
s 2J(J +1)

Similarly, if energy level shift due to the magnetic field is small compared to the hyperfine

splitting, then F will be a good quantum number so the above interaction Hamiltonian
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now becomes

Hp = upgrF.B., (2.62)

where the hyperfine Landé g-factor is defined as,

 F(FA41)—II+1)+JJ+1)  F(F+1)+I(I+1)—I(I+1)
g =397 OF(F + 1) to 9F(F + 1) (2.63)
P 104 ) 4T +1). 261

2F

—~

F+1)

The nuclear term gy is neglected as it much smaller than the g;. For small fields the
interaction Hamiltonian in described by Eq. 2.62 and the energy shift in this regime is
called the anomalous Zeeman effect. For sufficiently strong fields the hyperfine Hamil-
tonian is negligible compared to the interaction Hamiltonian, then the effect is termed
as Normal Zeeman effect for hyperfine structure. For even stronger fields the interaction
is described by Eq. 2.60 and the energy shift in this regime is called the Paschen-Back
effect [87].
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Chapter 3

Highly sensitive atomic based MW
interferometry

THIS chapter outlines the theoretically study of a scheme to develop an atomic based
micro-wave (MW) interferometry using the Rydberg states in Rb. This system has
great advantage due to its much higher frequency range in comparison to the electrical
circuit, ranging from radio frequency (RF), MW to terahertz regime. In addition, this
is two orders of magnitude more sensitive to field strength as compared to the prior
demonstrations on the MW electrometry using the Rydberg atomic states. Further,
previously studied atomic systems are only sensitive to the field strength but not to
the phase and hence this scheme provides a great opportunity to characterize the MW
completely including the propagation direction and the wavefront. The atomic based
MW interferometry is based upon a six-level loopy ladder system involving the Rydberg
states in which two sub-systems interfere constructively or destructively depending upon
the phase between the MW electric fields closing the loop. This work opens up a new
field i.e. atomic based MW interferometry replacing the conventional electrical circuit in

much superior fashion.

33
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3.1 Introduction

Atomic based standards such as time and length is already adopted and established
due to their high reproducibility, accuracy, resolution and stability [88]. Atoms have also
been successfully used for DC and AC (MW and RF) magnetometry, reaching impressive
sensitivity and spatial resolutions [28-31]. Inspired by these successes recently, the atom
based MW and RF electrometry has been investigated using the Rydberg states of the
atoms [48-53]. The success of these experiments for high sensitive electrometry is due
to property of the Rydberg states i.e. availability of closely spaced levels (in the range
of MW and RF region) with very high electric polarizability. The traditional antenna
method can detect MW fields as low as 10 mVem ! [55, 56]. However, by utilizing the
optical method for the electro-magnetic fields converted by dipole antenna, the sensitivity
increases significantly, allowing for a minimum detectable field of up to 30 xVem™! and
sensitivity of 1 pVem 'Hz~'/2 [49, 57]. The atomic-based MW sensor improves the
sensitivity further up to 30 pVem ~'Hz /2 with a minimum detectable field of 8 zVem !
[49] which is limited by the natural decay rate of the ground and the Rydberg states,
lasers linewidth, the transit time broadening, and Doppler mismatch between probe and
the control lasers. The transit time broadening can be removed completely using the
cold atomic cloud, cold atomic beam [89], or nano cell [90]. The Doppler mismatch
between probe and the control laser can be removed using the cold atom, nano cell or
collimated atomic beam. However, with very simple experimental set-up with Rb cell
at room temperature, the strength sensitivity of experimentally demonstrated four level
system [49] is already three orders of magnitude better than the electrical circuit based
MW sensor. Further the frequency range of the atomic based MW sensor is from radio
frequency (RF), MW to terahertz regime. Next, the spatial resolution of the atomic
based MW sensor is sub-wavelength (Aasw/650) [58] which is difficult to achieve with

traditional antenna method as the dimension of the antenna itself happens to be Ay /2

The atomic based electrometry is based upon the phenomenon of electromagnetically

induced transparency (EIT) in which the absorption property of a probe laser is altered
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in the presence of control lasers and MW (or RF) field in a four level system. EIT is

sensitive to the field’s strength, frequency and the polarization and so the electrometry.

An oscillating electro-magnetic field i.e. MW electric field is characterized by its strength-
/amplitude, frequency, polarization and the phase. The previously studied atomic based
MW electrometry is not phase sensitive as EIT in a simple multi-level system, happens to
be insensitive to the absolute phase of probe and the control fields but only it’s robustness

depends upon the phase stability [91].

Phase of the MW fields is detected using traditional MW interferometry which is based
upon the electrical circuit [92-94|. Here, we explore a six-level loopy ladder system which
replaces the traditional electrical circuits based MW interferometry by the atomic MW
interferometry, as the absorption property of the probe laser has phase dependency on
the MW fields. This is based upon the interference between two sub-systems driven by
the MW fields forming the loop. The limitation of the atomic based MW interferometry
is again same as in case of the atomic based MW sensor studied with four-level system
|48, 49]. But this system is two orders of magnitude more sensitive to field strength
(up to 80 nV/cm) in comparison to the previously explored system [48, 49| due to its
loopy nature. There are loopy system which has been studied previously and has phase
sensitivity but loop is completed using the weak magnetic dipole transition [95]. In
contrast to the previous system this six-level loopy system involves allowed electric dipole

transition.

This chapter is organized as follows. In the section 3.2, we describe the method of re-
alizing the six-level loopy ladder system in Rb and possible experimental set-up. In
subsequent sub-section we present the semi-classical model and solution for the relevant
density matrix element. Further we provide the physical interpretation of the obtained
mathematical solution in terms of the interference between the two sub-systems and in
terms of the dressed state picture. In the next section 3.3, we present various results
including the lineshape of the probe absorption, the phase dependency of it, the com-
parison of the amplitude/strength sensitivity of this system with the previously studied
four-level system and the frequency range. Finally in section 3.4, we give our conclusion

for this study.
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3.2 Method

3.2.1 Realization of the system

The considered six-level loopy ladder system is shown in Fig. 3.1a. The probe laser at
780 nm is at the Dy line i.e. driving the 5S; /5 — 5P/ transition in the Rb. The control
laser at 480 nm is driving the 5P3,, — n%de and the three reference MW fields are
driving the transition, n%de — nfydP, nfydP — nf’de and nfde—> nfydP. The unknown

MW field is driving the n 4S — n} ;P. The n]

2 3 4
ryd ryd: Dryds Diyg and g Are Rydberg states

which are chosen according to the frequency range of the MW field.

The typical experimental set-up for phase dependent MW electrometry is shown in
Fig.3.1(c) in which a probe laser at 780 nm and a control laser at 480 nm are counter-
propagating inside the Rb cell. The four MW control fields are generated by a single
frequency synthesizer having arrangements of controlling the frequency, phase and the
amplitude or the four different MW field frequencies combined using a frequency com-
biner (e.g. ZN4PD-02183-S-+ from minicircuit company can be operated between 2
GHz-18 GHz). The output of the frequency synthesizer or combiner is amplified and fed
to MW horn. All four MW fields are propagating perpendicular to the probe and the

control lasers with a uniform phase inside the Rb cell.

3.2.2 Semi-classical analysis

The electric field, associated with the transition |i) — |j) is E;;e!@istT9u) where Ej; is
amplitude, w;; is the frequency and ¢;; is the phase. We define Rabi frequency ;; =
dijE;;€'% /h for the transition |i) — |j) having the dipole moment matrix element d;;.
Please note that Q;; is a complex quantity which can be written as [€;;] €%, where ¢;;
is due to the phase of the electric field associated with it. The Rabi frequencies of the
probe and the control lasers are Q12 and Qa3 respectively, whereas Q5 Qi QFf and
Qunk are the Rabi frequencies of the MW fields. It is important to note here that the
36 q p
phase of Q4g¥ is to be characterized w.r.t to the reference MW fields Qg‘f, Qi%f and Qgeﬁf.

The superscript ref or unk denotes the reference and unknown MW field respectively.
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FIGURE 3.1: (a) The energy level diagram for loopy ladder system. (b) Transitions
shown by the red and green arrow lines are the two sub-system to close the loop. The
probe laser (dotted red arrow line) and the control laser (solid blue arrow line) are part
of both the sub-system. (c) The typical experimental set up for the phase dependent
MW electrometry.
The total Hamiltonian for this system is given as
L TO
H = 1,011 €iwi’i+lt e_iwi,i-!—lt i) (G 1
|3 B (et ) ) i 1
=1
5 f
hQEe . ‘
AL dw; st —iw; i1t |2\ /i
_|__ 2, e 7,1+1 + e 7,1+1 7 7 _|_ 1
> —5 1) (i +1]
1=3
AQunk ) ) 6
+ % (ezw?,st + e—zwsat) ’3> <6’ + hC] + Z hwj |]> <]| (3.1)

j=1

If the energy of the state |i) is Aw; then the general quantum mechanical state of the

system is

) = Zcz‘

6
1—1
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We define §12 = wig — (wa — w1) and do3 = weg — (w3 — we) i.e. the detunings of the
probe and control lasers from their respective resonance. Similarly, d34 = w34 — (w3 —w4),
d45 = was — (W5 — w4), 056 = wse — (we — wp) and d3¢ = wse — (wg — w3) are the detunings
for the MW fields for the respective transitions. In the rotating frame (i.e with a uni-
tary transformation ¢; = cl;c; = CQBiéth;Cé = 03ei(512+523)t; C:; = C4€i(512+623_634)t;6% =
c5ei(012H023=03a+345)t, o — 0 ei(012H023—03a+345+056)t) and using the rotating wave approx-

imation, (where the terms with e'®s+(@i=w)l is dropped out for the transition |i) — [5)

if w; > w; ) we get following Hamiltonian

H = n|0|1) (1] = 612 |2) (2| — (12 + d23) [3) (3| — (12 + d23 — d34) |4) (4]

— (512 + 093 — 034 + (545) |5> <5| — (512 + 093 — 034 + 045 + 556) |6> <6|

Ql2 923 Qref Qref Qref
+ 7 1) (2] + == 12) (3] + =% [3) (4] + —2 14) (5] + —* |5) (6]
2 2 2 2 2
nk
+ 36 (034—045—056+036)t |3) (6] + h.c. (3.3)
2

In general, the Hamilitonian H is time dependent except for a particular condition when

034 — 045 — 056 + 036 = 0.

The time evolution of the density matrix, p is given by Linblad master equation as

p=— 7 1H,p] + Lip(0) (3.4)

where, L[p(t)] is Linblad matrix and defined as below. L[p(t)] =

dec dec dec dec dec

v 74 R it i
T21p22 —Zp12 — i3 —p1a —-pis —L-pie
ise 155° ¥55° 35° 56°
——5—p21 —I'21p22 4+ I'32p33 - 23' P23 ——5 P24 ——5 P25 = 26 P26
dec dec dec dec dec
ot w V45 ot w

— 2 pa1 —2-p3o —I'32p33 — ['s4p33 + L6366 — P34 —2-p35  —L-p3e
dec ,Ydec ,ydeu ,Yder.' ,ydec
pa — 5 paz — 5 pas Paapss —Tapaa  ——F—pas  ——F—pae
dec dec dec dec dec
ot 2 ot w v

— 251 — 2 ps2 — 25— ps3 — P54 —Ispss  —5ps6
dec dec dec dec dec
ot g ~ 'y 7

| — 5 pe1 — 2 pe2 — 20— pe3 e —-pss  —Lepes |

(3.5)

Where, I';; is the decay of the population from state |7) (i = 1,2,.. to 6) to state |j)
(j = 1,2,.. 6) and T'; is the total population decay rate of state |i). In the case of the

weak probe, the population transfer does not take place and it is completely irrelevant to
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know the population dynamics between different levels. The only important parameter

is I'; and I';, i.e.the total decay rate of states, which governs the decoherence rate (7%“)
between the two levels |i) and |j) as 'yfg@c = % In addition to the total decay rate of

states, the linewidth of lasers driving the transition has to be also included for ’y%ec. For
example, in this study we take the value of 7{150 = 27 x3.05 MHz, which includes natural
radiative decay of excited state, I's = 2rx6MHz [96] and the 780nm laser linewidth
of 2w x50kHz. We also take ’y{lgc = ’yfjc = ’y‘ilgc = vjigc = ¢ = 27 x100kHz mainly
dominated by the laser linewidths of 780nm and the 480nm as compared to the radiative
decay rate (=2mx1kHz) of the Rydberg states |3), |[4), |5) and |6) [50]. We also take

ydee = 21 x 500kHz in some cases in order to check it's stringency.

From Eq. 4.1, 4.2 and 3.5 we get 36 coupled differential equations with the property
pij = pjl In order to solve these set of coupled equation we adapt similar method as in

the case of previously studied multi-level systems [97].

In the case of weak probe approximation, there will be no population transfer and hence
the time evolution of the population i.e. the diagonal terms of the density matrix such
as P11, P22, P33, P44, P55, and pgg can be ignored. Similarly, the time evolution of the
off-diagonal terms p;; for ¢ = 2;5 = 3,4,5,6 and i = 3;j = 4,5,6 and i = 4;5 = 5,6
and ¢ = 5;j = 6 can be also ignored. The time evolution of the relevant density matrix

element is given below.

Q19 Q3

P12 = Z'T(pn — p22) +1i 5 P13~ M2p12 (3.6)
. Q19 Qo3 el Qunkt s
P13 = _27@3 + 17/)12 +1 324 p1a +1 33 e H03a—045 55"+5“")tp16 — Y13P13
. ‘912 ‘ ref .Qref*
P14 = —z7pg4 +1 5’4 p13+1 425 P15 — Y14P14
. . Ql2 . Qref . Qref*
P15 = —l7pz5 +1 ;5 P14+t 526 P16 — Y15P15
912 Qunk (5 5 s 5 ref
P16 = —i7p26 + i%e’( 34045056 36)ltp13 +1 256 P15 — Y16P16
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FIGURE 3.2: The normalized absorption, p12I'a/Q12 vs Time for Qo3 = Qg‘f = Qfl%f =

Qg%f = FQ, leén = 05F2 and (512 — (523 = (534 = (545 = 556 = 636 =0.

Where, Y12 = [,ﬁlgc + 2'512],

Y13 = [V{5° + i (612 + 023)],

Yia = [V + i (612 4 G23 — 634)],

[
Y15 = [’Yfgc +1
[

012 + 623 — 034 + 045)]

Y16 = fy‘fgc 4+ 7 (612 + d93 — 034 + 045 + 556)]-

Now, we apply the four-photon resonance condition for the MW fields i.e. d34—d45— 056+

036 = 0. In this case the system will reach steady state i.e. pj; = 0, for all the elements

on the time scale of few tens of 1/I'; as shown in Fig. 3.2. In the weak probe condition

and in the steady state, p11 = 1, p22 = p33 = paa = pss = pes ~ 0 and p;j—=p;; ~ 0 for

1=2;7=3,4,5,6and i =3;5 =4,5,6 and ¢+ =4;5 = 5,6 and + = 5;j = 6. Finally, we

get the following set of equations
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FIGURE 3.3: Comparison of complete numerical solution with the analytical solution
for the normalized absorption (Im(p12)I'2/Q12) vs d12/T'2 of the probe laser with |Qg3] =
|Qref |Qref| = |Qref| = Fg, |Qunk| = 0.5F2, ¢ =0 and 623 = 534 = 645 = 656 = 636 =0.

The above equation gives solution for pio as

b

£12
2

53|

P12 =

1 \5223I2
1+ 4712713
1+EITATA1+ +Int

Where,

11957 1195852
4 4
— 713’714f - EITATA2 — 713716f 3
1 ‘Qre |2 2 ‘Qre

4714715 4715716
1 + 1 |Qref‘2 1 + y |Qref‘2

4715716 4714715
1 |Qref||ﬂref"Qref“Qunk'cos( )
_ 8 Y13714Y15716 unk ref ref ref
Int — m 1 1 |Qref|2 1 |Q§eﬁf|2 7¢ ¢ 45 56 (38)
+1 T14715 | 4715716

The refractive index, n of the probe laser is related with the density matrix element,
pizasn =1+ 3A%N/(27r)(1“2/(212)p12, where \,(=780 nm) is the wavelength of the
probe laser and N is atomic number density [98, 99]. The imaginary part of n is related
with the absorption and real part with dispersion. We define the normalized absorption
[(T2/Q12)Im(pi2)| i.e. for the stationary atoms, the absorption of the probe laser at

resonance in the absence of all the control lasers is 1.

In order to verify the approximation made above, we have checked the analytical solution
of p12 given by the Eq. 3.8 and the complete numerical solution in the steady state
for various values of control fields and detunings. It has excellent agreement between
complete numerical and approximated analytical solution as shown in Fig. 3.3. The

solution for p12 in Eq. 3.8 has the following interpretation.
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3.2.3 Interpretation
Interference between two sub-system

Eq. 3.8 looks very complicated but it can be interpreted in the following simple way.
The closed loop system can be realized by two open loop sub-systems |3)—|4)—|5)—6)
and |3)—|6)—|5)—|4) shown with red and green arrows respectively as shown in Fig.
3.1b. These two sub-system shares a common |1)—|2)—|3) ladder system. In order to
understand the absorption property of the probe laser 212, we switch on the control
fields one by one and in the sequence for the two sub-systems. Firstly, the control laser
Q93 causes transparency for the probe laser 215 and known as EIT. For path shown
with the red color, the control field Qgif recovers the absorption against the EIT created
by Q93 and known as EITA. Again the control fields Qfl%f causes transparency against
the EITA created by the Q93 and Qg‘f, and known as EITAT. Finally the Qg%f causes
absorption against the EITAT created by the (93, Qfﬁf and Qfl%f, and known as EITATA
[97] and expressed by in Eq. 3.8. ( In order to understand the transparency
and absorption in the sequence, we strongly advice the readers to see the paper [97].)
The other path shown with green color will also cause EITATA by sequence of the control
fields Q})}gk, Qg%f and Qfl%f which is expressed by EITATA2. Further, these two sub-system
causing and EITATA2 interferes with each other and expressed by the Int term

in the Eq. 3.8, which is phase(¢) dependent.

In the other words, the closed loop |3) — [4) — |[5) — |6) — |3) causes absorption
against EIT created by the control laser 253. The closed loop has two-open loop sub-
systems which interfere destructively (for ¢ = 0) and constructively (for ¢ = 7) with
each other. As shown in Fig. 3.4 a, for |Q5|—| Q| = | Q| = | Q4% =Ty (>> v%°), there
is a complete transparency at the line center for ¢ = 0. This is due to perfect destructive
interference between the two-subsystems as the strength is same for both, i.e.

= EITATA2. There is maximum absorption at the line center for ¢ = m as the two sub-
systems are interfering constructively. For [Qf|=|Q|=|Qwf| # |QuEX| >>~4e¢ there is
a absorption peak at the line center for ¢ = 0, as shown in Fig. 3.4 b. This is due to
unequal strength of the individual system ( >FEITATA2), hence the destructive

interference between them is not perfect.
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Dressed state approach

At high Rabi frequencies (much greater than the absorption peaks linewidths) of the
control lasers and MW fields, the linewidth of the absorption peak can be explained using
dressed state picture. In this condition there is no interference between the absorption
peaks as they are well separated from each other. The position of the absorption peak
is determined by the eigenvalues of the Hamiltonian associated to the control fields as

given below

0 Ss 0 0 0
% 023 ‘Qreq elb3s 0 %e“b%
Ho=| 0 2le-iss 5y gy,  1%leiows 0 (3.9)
0 0 5] e—ions Sy — B34 + Oas [5] ino
N 0 985 ¢=id50 G55 — 8aq + b45 + Osc

For general control fields detunings and Rabi frequencies, the position of the absorption
peaks will be complicated. However, the expression becomes simpler for zero detuning
of control fields and with Qo] = || = || = |Q%%f| = Q, but with arbitrary values
of ]Q})}gk . In this condition the positions of the absorption peaks (i.e. eigenvalues of the

H,.) are

402 + Qunk 24 4/(202 + Q“nk 4 803 Qunk coso,
\/g QK2 + /(202 + [Q4K12)2 + 803|24K |coso

—7 402 + Q5K — /(202 + |k [2)2 + 803|08EF coses, 0,

1 .
\f 402 + Q3K — /(202 + | |2)? + 803|088 cos, and

402 + [Q8IK[2 4+ 1 /(202 + |Q48K[2)2 4 8Q3 Q8K cose.
v Vi
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The eigenvectors determines the dressed state in terms of the bare atomic states. For

example the normalized eigenvector corresponding to eigenvalue 0 is

(1 _ m%{;k\ ci |
0
1
‘Qunk‘2 |Qunk| _]- (310)
[(1+ =85 — 258 "cos¢) + 2]1/2
0
- 1 -

This is the central dressed state (or the central absorption peak) and is expressed as

[(1 — 281y 19y — 14y 1 16)1/[1 + SHELE — 2125 co54) 4 2]1/2. The Tinewidth of the

dressed state or the absorption peak is given in terms of the bare atomic states decay
rate. For example, if dressed state is written as Cs |2) + C53) + C4 [4) + C5|5) then
the linewidth of it will be |Cy|?I's + |C3|?T'3 + |C4|?T4 + |C5/?T'5s Hence the linewidth of

unk |2 unk
the cenetral absorption peak is given by [(1 + IQ??Q — 2%003@1“2 + Ty +T6)/[(1 +
unk unk
'953 — QQ%COSQf)) + 2] which is phase dependent. In order to crosscheck the expression

for the linewidth, we fit (shown with black solid line) the central peak of the normalized
absorption obtained by Eq. 3.8 with Lorentzian profile to find the linewidth for three
different phases as shown in Fig. 3.4. The fitted linewidths for ¢ = 0, ¢ = 7/2 and
¢ = m are 0.13I's, 0.47T3 and 0.64I'y respectively, while the calculated linewidths are
0.13T"%, 0.39T's and 0.54T'5 respectively. There is a small mismatch between the fitted
and the calculated linewidths by the dressed state approach for ¢ = 7/2 and ¢ = 7. This
is because, as we see in Fig. 3.4, the central absorption peak is broadened for ¢ = 7/2
and ¢ = m and the interference between peaks starts playing a role in the modification

of the linewidth similar to three level system [100].

3.3 Results

3.3.1 Probe laser absorption

The normalized absorption (Im(p12)T2/Q12) vs probe detuning (d12) for three different

phases, ¢ = 0,7/2 and 7 is shown in Fig. 3.4. For the central absorption peak i.e. at
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Im(p; )l Q45

Fitting

FIGURE 3.4: Normalized absorption (Im(p12)I'2/€12) vs d12/T'2 of the probe laser with
Qo3 = |5 = Q5| = |Qf| = Ty, 023 = d34 = 645 = 56 = 036 = 0 and (a)
|Qunk| =Ty (b) [Q48%| = 0.5T,.

d12 = 0, only the linewidth depends upon the phase but not the position, while both
the position and the linewidth depends upon the phase(¢) for the other four absorption

peaks. This has been explained in the previous section.

Now, we consider the effect of the temperature as lineshape of EIT is significantly changed
by the thermal averaging [21, 23, 101-104]|. The thermal averaging of p;2 is done numer-
ically for the room temperature (7' =300 K) for the counter-propagating configuration of
the probe (Q12) and the control laser (€93) with wave-vectors krgg and kygp respectively
by replacing d19 with d13 + k7gov and o3 with de3 — kagov for moving atoms with velocity
v, while the Doppler shift for the MW fields are ignored. Further the p;s is weighted
by the Maxwell Boltzmann velocity distribution function and integrated over the veloc-
2

ity as pipermal — /ﬁ [ p12(v)e %57 dv, where kp is Boltzmann constant and m is

atomic mass of Rb. The integration is done over velocity range which is three times of

kT

B=. The Doppler averaging changes the absorption profile significantly as shown in

Fig. 3.5. One of the interesting modifications is the phase dependency of the probe laser
absorption at the zero detunings of the probe. The probe laser absorption is minimum
for ¢ = 0 and maximum for ¢ = 7 as shown with red and blue curve respectively in
Fig. 3.5. This modification is due to mismatch of Doppler shift for probe at 780 nm and

the control at 480 nm for moving atom. Please note that without thermal averaging at
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FIGURE 3.5: Normalized absorption of the probe laser with thermal averaging (Im
(P13 2 /Qua) vs 12/To with [Qo| = [Q5] = U] = [Q5F| = T2, [Q45*| = 0.5I2
and 523 = 534 = 545 = 656 = 636 = 0.

zero detunings of the probe, control laser and MW fields, probe laser absorption has no

significant difference between ¢ = 7/2 and 7.

3.3.2 Phase sensitivity
Sinusoidal behaviour

As seen in the previous section that the absorption profile of the probe laser depends

upon the phase, ¢. Please note that the previously studied (i.e. four-level) system [48—

53| were insensitive to the phase of the MW field. This is also clear from Eq. 3.8 in
ref

the special case with |Q5F|=|Q%|=|Q%f| = 0, which reduces the six-level loopy ladder

system to four-level system and will have no phase dependency.

The probe absorption at room temperature vs the phase ¢ with all the detunings to be
zero is shown in Fig. 3.6. From the plot shown with red open circle in Fig. 3.6a we
observe more than 15% change in the probe absorption for the change of the phase from
0 to 7 for the chosen combinations of the control Rabi frequencies. In particular, we have
chosen low value of [Q42%| = 0.1y and the optimized control fields Rabi frequencies i.e.
Q93] = 2T, Q| = 1.5T, and || = |Q%f| = 4T'3. The numerical data points (red
open circle) are fitted by a function A+Bsin(f¢+6), where A, B, f and 6 are kept as free
parameters that yields f=1 and the fitting is shown with black curve in Fig. 3.6a. Now,
unk

choosing a high value of |Q5%| = 2.5I'; and keeping the other parameters unchanged, we

observe more than 80% change in the probe absorption for the change of the phase from 0
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FI1GURE 3.6: Absorption of the probe laser after thermal averaging in arbitrary scale

obtained as (Im(piPermal)) /max(Im(pfPer™al)) vs phase ¢ with §19 = do3 = 034 = 045 =

56 = 03¢ = 0 and (a) [Q48%| = 0.1y, |[Qp3] = 20, |QFF| = 150, and |Q5Y| =

|Qf| = 4. (b) crossed points |Q48%| = 2.5T', Qo3| = 309, || = 2Ty, and

|Q5| = |2¢f| = 4Ty, solid circled points [Q§8%| = 2.5Ty, Q23] = 319, |Q5f| = 3Ty, and
|Qref| — |Qref — 4F2

to 7 as shown crossed red points, but there is a deviation from sinusoidal behavior. This
deviation is compared with the fitted black curve as shown in Fig. 3.6b. On increasing
the value of |Q5| to 3Ty and keeping the other parameters unchanged, there is a splitting

of the absorption at ¢ = 7w as shown by the solid circled points in this figure.

Optimization of sensitivity

Now, we maximize the phase sensitivity for this system for given value of \Q‘mk| by
using the parameters, Qo3, ||, ||, and |Qf|. In order to do this we define a
quantity called sensitivity as S = Im[pfa®™8l (¢ = 0) — pidermal(¢ = )] /Im[pRermal(p =
0) + pipermal(g — 7], which is a measure of the phase/strength sensitivity of the system
and is to be maximized. For given value of |Q48|, we maximize the S by minimizing
1/S or -S using matlab inbuilt function "fmincon" treating Qa3, |, ||, and QL
as free parameters but bounded in the region from 0 to 5I'y. Please note that the values

509 for Qo3 ||, |25, and || is well in the experimental reach.

We first consider the case without thermal averaging i.e. 7' = 0 . The maximized

sensitivity, Smaz VS \Q“nk| is plotted in Fig. 3.7(a). The Sj4. increases with Qgg‘k and
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FIGURE 3.7: (a) The maximum sensitivity Spa. (%) vs [Q425| /Ty (b) The optimum
value of [Q%|/Ty and |Q5f| /Ty for Spee (shown by left scale), Q93/T9 and [Q5|/Ty
(ShOWIl by I‘lght scale) VS ‘Qggk| for 512 = 523 = 534 = 545 = 556 = 536 =0and T =0.
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FIGURE 3.8: Sma:r (%) = Im[p12(¢ = 0)—p12(¢ = 7T)]/IIII[[)12(¢ = 0)+p12(¢ = 71')] x 100
A% QQ3/F2 for 612 = 523 = 634 = (545 = 556 = 536 = O, |Qggk| = 0.005F2 and T =0.

starts saturating around 0.05I3. The corresponding maximizing values of Qa3 |Q5],
|95, and |QL| are also plotted in Fig. 3.7(b). The optimum value of the Qa3 is as high
as possible which is 5I's in this case as it is bounded by this limit. This is more clear
from the Fig. 3.8, where Sy,4, increases with (293 and then saturates around I's for any

given values of [Q5f|, ||, Q5| and |Qu8K|.

Next, we consider the room temperature case (7" = 300 K), which makes the problem
a bit more complicated, as the lineshape of the absorption gets modified significantly as
described previously. The maximum sensitivity (Smaz) vs |Q258%| is plotted in the Fig.
3.9(a). The Spar at T'= 300K is much lower than the case at 7' = 0 as the saturation

point is around |Q48%| = 1.5 I'y as compared to 0.05I's and hence at T' = 0 the system
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FIGURE 3.9: (a) Spmax (%) vs |Q42%|/Ty (b) The optimum value of Qa3/T, [Q5|/Ty,
and |Qf| /Ty shown by left scale and [Q4|/T'y shown by right scale vs |Q42K|/Ty for
512 = 523 = 634 = (;45 = 656 = 536 =0and T = 300K.

can detect the phase of lower values of [Q32%| . Unlike the case of T = 0, in this case for

Smaz the value of Q93 # 5I'9 but has optimum values as shown in Fig. 3.9(b).

3.3.3 Strength sensitivity

The quantity, S defined above can also be used as a measure of the strength /amplitude
sensitivity for ]Q})}gk| for the six-level loopy ladder system. The strength sensitivity
parameter is useful as it provides a measure of the change in absorption of a system
due to a change in the strength or amplitude of the unknown field. Now we compare
the strength sensitivity of the six-level loopy ladder system with the previously studied
four-level system [48-53]. The solution of pia for the four-level system can be obtained
from the six-level loopy ladder system by setting |Q5|=|Q5|= || =0 in Eq. 3.8 and

is given by Eq. 3.11.

()

12

Y12

1 199312

14+ 4 712713
1 10332
4 713716

ol

P12(4l) =

(3.11)
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The subscript (4[) indicates for four-level system. Further the thermal averaging can
be done in a similar fashion as in the case of the six-level system i.e. plTQh(‘jflI)n‘ﬂ =
’VTL’U2
) /% i pra(ar)(v)e 287 dv. We define the strength sensitivity for the four-level system
for unknown |Q42%| as change in the absorption in the presence and the absence of the
|48k | normalized by the sum of the two conditions which is mathematically expressed as
S = [plar (10885 # 0)-plaGr™ (19288%] = 0)]/ [placiy (1Q58%] # 0)+pfyc (1585 = 0)].
We maximize the sensitivity of the four-level system adapting similar method as for the

six-level system but with only one optimizing parameter i.e. {)o3.

First, we consider T' = 0 case. The maximized strength sensitivity for the six-level loopy
ladder system and the four-level system is compared in Fig. 3.10. From this figure it is
clear that the six-level system has more sensitivity as compared to the four-level system
as shown in Fig. 3.10 (a). In order to quantify this comparison, we plot the ratio of the
sensitivities of the six-level to four-level system in Fig.3.10 (b). The ratio is more for the
low values of the |Q48%|. The increased sensitivity for the six-level loopy system is due
to the interferometric nature of the system where the effect of small |Q32¥| is enhanced
by the large values of the |QLf|, || and |QLF| as the int term in Eq. 3.8 involves
multiplication of these quantities. The strength sensitivity of both the systems decreases
with increased 7yge. (from 27 x 100kHz to 2w x 500kHz) but the effect is more for the

four-level system in comparison to the six-level system as shown Fig. 3.10b.

Now, we consider the case at the room temperature. The strength sensitivity for the
six-level and previously studied four-level is plotted in Fig. 3.11(a). Form this plot it is
clear that the six-level system has much superior strength sensitivity as compared to the
four-level system. Further we quantify the comparison by plotting the ratio (R) of the
sensitivities of the six-level to the four-level for different values of [Q42*| in Fig.3.11(b).
In order to check the stringency of v4e. on the sensitivity, we also plot Sp,q. for these

two systems taking yge. = 2m x 500kHz.

We also plot the R vs maximum sensitivity (Spq) of the six-level system which gives
the information about the possibility of the detection of |Q42%|. This is an important
plot because there is a possibility that the R might be huge but cannot be detected by

the six-level system as well. The detection of Sy,q, up to 1% is very much feasible using

TH-3002_166121009



Chapter 3 Chapter 3 Highly sensitive atomic based MW interferometry 51

12_' aydeczzn*loo KHz  Ygec=2TT*500 kHz

i Sixlevel
- Four-level

1500 * b ® Ve =211*100 kHz

Y + Yy =21*500 kHz
10004 %
)

500—&\“&

O_

T T L I
1 2 o 3 4 5X 10'3
Q" 5l

FIGURE 3.10: () Spax(%) vs |Q52K| /T, for six-level loopy and four-level ladder system

(b) ratio (R) of the sensitivity between six-level and four-level system vs |Q42%| /T’y at

T = 0 with all the detunings to be zero and for 4. = 27 x 100kHz and vge. =
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FIGURE 3.11: (Color online). (a) Spaz(%) vs |Q48k|/Ty for six-level loopy and four-

level ladder system (b) ratio (R) of the sensitivity between six-level and four-level system

vs [Q48K| /Ty at T = 300K with all the detunings to be zero and for v4e. = 2w x 100kHz
and Ygee = 27 x 500kHz.
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FIGURE 3.12: Ratio (R) of the sensitivity between six-level and four-level system vs
Smaz (%) of the six-level system at T' = 300K . The variation of S;,q. (%) corresponds
to range of |Q42k| from 0.005'2 to 0.02T,.

locking detection. At this value of sensitivity for the six-level system, the sensitivity of

the four-level system will be around ﬁ% as shown in Fig. 3.12.

Finally one more important point is that, for the six-level loopy ladder system the MW
field Q},)‘gk can be detected by just varying the phase of the reference MW fields, while in

the case of the four-level system we need to insert and remove MW mechanical shield.

3.3.4 Frequency range

The frequency range of the atomic based MW interferometry can be anywhere from
the range of the few tens of MHz, GHz and THz. The Rydberg states can be chosen
depending upon the interest of the frequency region of MW field. For example, for
frequency in the range of few tens of GHz n,y4’s should around 54 [50] while for tens of
MHz it should be higher number and it is around 57 in case of Cs [51]. For THz regime
this should be around 20 [105].

3.4 Discussion

In conclusion we theoretically study a six-level loopy ladder system using Rydberg states
for the phase sensitive MW or RF electrometry. This is based upon the interference
between the two sub-systems of EITATA. In counter-propagating configuration of the

probe and control laser there is a change of the lineshape of the probe absorption due
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to Doppler averaging. The limitation of the proposed system is the decoherence rate
between the ground state and the Rydberg states. The previously explored four- level
atomic system has the same limitation and is already much superior than the electrical
circuit for the strength sensitivity, frequency range and spatial resolution. This pro-
posed system further improves the sensitivity by two orders of magnitude, removes the
drawback of the phase insensitivity of the previous atomic four level-system and retains
the advantages of the large frequency range of operation and spatial resolution. This
system provides a great possibility to characterize the MW or RF electric fields com-
pletely including the propagation direction and the wavefront. This work will be quite
useful for MW and RF engineering hence in the communications specially in active radar

technologies and synthetic aperture radar interferometry.
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Chapter 4

Atomic coherence based multi lasers
interferometry

THIS chapter outlines the experimental study of an atomic coherence based multi
laser interferometry in a closed loop double A-type system using a Rb vapour cell at
room temperature. This scheme is based upon the principle of phase-dependent elec-
tromagnetically induced transparency (EIT). EIT in closed loop systems is dependent
on the phase difference between the electromagnetic fields forming the loop. In order
to experimentally realise the principle of phase-dependent EIT (i.e., atomic coherence
based interferometry) in closed loop systems, we explore this effect in two different con-
figuration of a closed loop double A-type system. The first configuration involves the
excited states with same decay rates at the 780 nm transition and the second configu-
ration involves the excited states with different decay rates at the 780 nm and 420 nm

transitions.

95
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4.1 Introduction

Atomic coherence is the reason for the modification of the absorption of the probe laser in
the presence of a control laser, also known as electromagnetically induced transparency
(EIT) [4, 5]. The atomic coherence is caused by the simultaneous driving of the levels
by probe and control laser sharing the common levels. The phenomenon of EIT has
a wide applications in the field of atomic and optical physics such as slowing of light
[34-36], precision spectroscopy [66], precise atomic clocks [70], magnetometry [25-31],
radiofrequency (RF) [45-47] and microwave (MW) [43, 44| electrometry, etc. In the
steady state, EIT is insensitive to the phase of the electromagnetic fields for the open
loop multi-level systems which limits the phase determination of electromagnetic field
[49, 97]. However, in the closed loop multi-level systems, EIT is dependent on the phase
difference between the electromagnetic fields forming the loop [59-62, 64, 106]. The phase
dependence arises from the fact that there are two path of excitation which can interfere
constructively or destructively depending on the phase difference between them. These
two paths can be due to two oppositely polarized electromagnetic fields and hence the

interference is observed between them which is in contrast to the interference in space.

The atomic coherence based multi laser interferometry is based upon the principle
of phase-dependent electromagnetically induced transparency (EIT). In this work, we
demonstrate the atomic coherence based multi laser interferometry in two different con-
figuration of a closed loop double A-type system. The first configuration involves the
excited states (5P3/o(F = 0,1)) with same decay rates (27 x 6 MHz) at the 780 nm
transition and the second configuration involves the excited states (5P3/(F = 0,1) and
6P3/5(F = 0)) with different decay rates (2 x 6 MHz and 27 x 1.4 MHz) at the 780 nm
and 420 nm transitions. Here, we study the phase sensitivity and the frequency response

of the two different systems in order to compare them.

This chapter is organized as follows. In section 4.2, we describe the relevant energy levels
for the different experimental configurations and the experimental set-up. In section 4.3,
we describe the density matrix formalism for the double A-type and the numerically

simulated absorption profile of the probe. In section 4.4, we present the experimental
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results of the phase sensitivity and the frequency response of the two different systems.

Finally in section 4.5, we give the conclusion on this work.

4.2 The energy level schemes and set-up

4.2.1 Michelson interferometer

The Michelson interferometer is a well-known and widely used type of interferometer in
the field of optics and is shown in Fig. 4.1a. A laser beam from the 780 nm source is split
into two parts by the beamsplitter. The two laser beams are then retro-reflected back to
the same beamsplitter where they are combined and then directed to a photodetector.
The two laser beams will interfere constructively or destructively depending upon the
phase difference between the two arms of the interferometer. This change in phase is
achieved by employing a mirror actuated by a piezoelectric transducer (PZT) in one of

the arms of the interferometer.

4.2.2 Double A-type system at 780 nm transition

The energy level diagram of the double A-type system in 8"Rb which involves the excited
states with same decay rates at 780 nm transitions that contains the hyperfine magnetic
sublevels is given in Fig. 4.1b. The decay rates of the two excited states, 5P3/5(F = 0)
and 5P3/5(F = 1) are given by I'y and TI'y respectively, where I'y = I'y = 27x6 MHz.
The 780 nm probe laser is locked to resonance on the 55 /5(F = 1) — 5P3,5(F = 1)
transition and the control laser is locked to the 58 /5(F = 1) — 5P3/5(F = 0) transition.
These two lasers differ in frequency by the hyperfine separation of 72 MHz between the
(F =0) and (F = 1) of the 5P3/ state.

4.2.3 Double A-type system at 780 nm transition and 420 nm transi-

tion

The energy level diagram of the double A-type systems in 8”Rb which involves the excited

states with different decay rates at 780 nm and 420 nm transition that also contains the
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FIGURE 4.1: (a) The Michelson interferometer. (b) Energy level diagram of the double
A-type system in 8"Rb which involves the excited states with same decay rates using
transitions at 780 nm that contains the hyperfine magnetic sublevels. Energy level
diagram of the double A-type systems in 8”Rb which involves the excited states with
different decay rates at 780 nm and 420 nm transitions that also contains the hyperfine
magnetic sublevels when probe is locked to (c) 5S;/5(F = 1) — 5P3/5(F = 0) and (d)
5S1/2(F = 1) = 5P3/5(F = 1) transition. The control laser is locked to the 5S; /5(F =
1) = 6P3/5(F = 0) for both (c) and (d). M: mirror; PZT: piezoelectric transducer; BS:
beamsplitter; PD: photodetector.

hyperfine magnetic sublevels is given in Fig. 4.1c and Fig. 4.1d. The decay rates of
the two excited states, 5P3/5(F = 0)(5P3/o(F = 1)) and 6P3/5(F = 0) are given by I'y
and T's respectively, where I'y = 27x6 MHz and 'y = 27x1.4 MHz. The 780 nm probe
laser is locked to resonance on 5S;/5(F = 1) — 5P3,(F = 0) transition for the double
A-type system in Fig. 4.1c. While the 780 nm probe laser is locked to resonance on
551 /2(F = 1) — 5P3/5(F = 1) transition for the double A-type system in Fig. 4.1d. The
420 nm control laser beam is locked to the transition 5S3/5(F = 1) — 6P3/,(F = 0) for

both the cases.
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4.2.4 Set-up I: Double A-type system at 780 nm transition

The experimental set-up of the double A-type system in 3'Rb at 780 nm transitions
is as shown in Fig. 4.2a. The 780 nm probe and control lasers are generated from
two different laser diodes (Thorlabs L785H1) which are home-assembled extended cavity
diode lasers (ECDLs) with typical linewidth of 500 kHz [107]. The probe laser beam is
split in two main parts. The first beam is sent to the interferometry set-up while the
second is sent to the saturated absorption spectroscopy (SAS) set-up for laser locking
and stabilization. It should be noted that, in this particular case, we have two closed
transitions: 5S;,o(F = 2) — 5P3,0(F = 3) and 58 /5(F = 1) — 5P35(F = 0). The
appearance of these two peaks can be attributed to saturation effects. In addition, the

peaks from other transitions are a result of subDoppler hyperfine pumping [108].

In the interferometry set-up, the probe beam is directed to the Rb vapour cell at room
temperature and into the photodetector. The photodetector (Thorlabs APD430A2) em-
ployed has a sufficient bandwidth from DC to 400 MHz. The probe beam is linearly
polarized which can be decomposed into the superposition of two circularly polarized
components (left and right-handed) with equal amplitudes that couples the different
magnetic sublevels according to the selection rule Amp = +1 leading to the formation
of a A-type system with ground state 553 5(F = 1) and excited state 5P3/5(F = 1). Next,
the control laser beam is also split into two main parts. The first beam is again sent to
the SAS set-up for laser locking and stabilization while the second beam is directed to the
interferometry set-up. In the interferometry set-up, the second beam is further split into
two beams using a PBS and then recombined in another PBS forming the two arms of
the interferometer, but their polarizations are orthogonal to each other. The two beams
are then made circularly polarized before entering the cell by using a A\/4 waveplate at
45° to the optic axis and counter-propagated with the probe beam from the first laser
in the cell. The two circularly polarized beams couples the different magnetic sublevels
according to the selection rule Amp = +1 which leads to the formation of another A-
type system. This second A-type system has the same ground states 583/2(F =1) as
the first A-type system but with different excited state 5P3/o(F = 0). Thus, we obtain

a closed loop double A-type system as shown in Fig. 4.1b. A mirror actuated by a
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piezoelectric transducer (PZT) (Thorlabs AE0203D04F) is installed in one of the arms
of the interferometer to vary the phase in order to monitor the phase sensitivity of the

System.

Since the bandwidth of the PZT is only up to few KHz, so in order to have phase variation
at high frequency we introduce the frequency difference between the two arms using
AOMs. The frequency of the laser can be tuned in one of the arms of the interferometer
by using the AOM arrangement given in figure. This is done by sending one of the
control beams through two AOMs, one of which is downshifted by 72 MHz and the other
is upshifted to around 72 MHz. It is worth noting that we selected 72 MHz for the AOM
frequency based on the availability of RF signal sources and the bandwidth of the AOM.
The vapour cell is kept inside a double layer mu-metal magnetic shield. The vapour cell
also has a solenoid arrangement for the magnetic field variation along the direction of

the probe beam. The solenoid has 80 turns, a diameter of 4.5 cm and length of 11 cm.

4.2.5 Set-up II: Double A-type system at 780 nm and 420 nm transition

The experimental set-up of the double A-type systems in 8’Rb at 780 nm and 420 nm
transition is given in Fig. 4.2b. The 780 nm beam is generated from the same home-
assembled ECDL used above and is used as the probe. The probe laser beam is again
split into two main parts: one part is sent to the SAS set-up for locking and the other
is sent to the interferometry set-up. The 420 nm control laser beam is generated from a
commercially available ECDL (Toptica DL PRO HP) with a typical linewidth of less than
200 kHz and output power of 70 mW. The 420 nm control beam is also aligned in a similar
fashion as above where it is split into two parts. The first part is used for the frequency
locking and stabilization to the 5Sg/o(F = 1) — 6P3/5(F = 2) transition. The second part
is further split using a PBS and recombined in another PBS forming the two arms of the
interferometer but with polarizations that are orthogonal to each other. The two beams
are then made circularly polarized before entering the cell by using a A\/4 waveplate at
45° to the optic axis and co-propagated with the probe beam from the first laser in the
cell. Each of the two arms are passed through an AOM where they are downshifted by

75 MHz such that they are both resonant to the 5S3/5(F = 1) — 6P3/(F = 0) transition.
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FIGURE 4.2: (a) Schematic of the experimental set-up for the double A-type system
in 87Rb at 780nm (b) Schematic of the experimental set-up for the double A-type sys-
tem in 8“Rb at 780nm and 420nm transitions. M: mirror; DM: dichroic Mirror; PZT:
piezoelectric transducer; A/2: half waveplate; \/4: quarter waveplate; PBS: polarizing
beamsplitter; AOM: acousto-optic modulator; PD: photodetector; SAS: saturated ab-
sorption spectroscopy of rubidium for probe beam and control beam.

Any of the AOMs in either arms can be employed for the frequency variation of the laser

for the study of phase sensitivity and the frequency response of the system.
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FIGURE 4.3: Theoretical plot of Im(p12) + Im(ps2) vs change in phase, ¢ with Q10 =
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FIGURE 4.4: Theoretical plot of the interference amplitude of Im(p}5)+Im(psy) vs

the magnetic field B in Gauss at five different detuning of the control laser, Ay =1,

2, 4, 6, 10 (27T>< MHZ) with Fl = Fz = 2 x6 MHz for (a) Ql4 = Qg4 = 001F2 and
912 = Q32 = 0.5F2, and (b) Q14 = 934 = 001F2 and ng = Q32 = FQ.
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FIGURE 4.5: Theoretical plot of the interference amplitude of Im(p5 )+Im(p3; ) vs the

detuning of the control laser, A4 in absence and in presence of the magnetic field B

with Fg = F4 = 27 x6 MHz for (a) 914 = Q34 = 0.0IFQ and le = 932 = 0.5F2, and
(b) 914 = Qg4 = 0011_‘2 and ng = 932 = Fg.

4.3 Theoretical formulation

The Hamiltonian, H of the double A-type system as shown in Fig. 4.1 under the electric-

dipole and rotating-wave approximation and in rotating frame is expressed as

H =h[0]1) (1] = A12]2) (2] — (A12 — Ag3) 3) (3] — (A12 — Ags + Aszy) |4) (4]]

Sy
2

Q Q Q ;
1) 21+ =57 12) (3] + =~ [3) (4] e (BramBastbaamBadl 1) (4] 4 e,

* 2

(4.1)

where Q19, Qo3, (234 and Q4 are the Rabi frequencies with corresponding detunings Aqo,
A3, Agy and Ayy driving the transitions 1) — |2), |3) — |2), |1) — |4) and |3) — |4)

respectively. The Rabi frequency is defined as Q;; = d;;jE;;e'®i /R for the |i) — [5)
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transition with d;; as the dipole moment matrix element, F;; as the amplitude of the

electromagnetic field and ¢;; as the phase.

The evolution of the system is described by the Liouville-von Neumann equation for the

density matrix
i

h[Hv p] - %{F,p}, (4'2)

p
where p is the atomic density operator and I' is the relaxation operator [78]. The sub-

stitution of Eq. 4.1 into Eq. 4.2 gives the following set of equations of motion with

time-dependent coefficients

) 0 Qg R4 Ny
p11 = ﬂ%ﬂm = 1716 Doy +i 212 p12 +1i 214 €' p1a + Ta1p22 + T4t pas,
) Q ROV 23
P12 = Z%(Pn — p22) — Z71€ “paz + Z%Pli’) — M2pP12;
) Q Qe Q 3
P13 = —z£p23 —i—2e “Stp43 + zﬁpm + i p1a — Y13p13,
2 2 2 2
. Q Q 4 _; Q 4
pla = —z%pu + 1716 Bt (p11 — pas) + 173/)13 — 714p14,
) ROX 32 ROP: RO
P22 = —1i 212 P12 — 1=~ p32 oI i P12 S 232 p23 — 'a1p22 — T'g1p22, (4.3)
) ROX 32 RO
po3 = —i 212 P13 — ZT(pg,g — p22) +1i 234p24 — V23023,
) Q7 32 RV 34
pon = —1—22 p1y — i—2 pay + i——e O po1 + i— pag — Yoap2s,
2 2 2 2
) RO 34 32 RO
P33 = —1 232 P23 = 15 P43 + iy P32 +1 234 p34 — agpas — T'43p44,
) R Q5 Ay Q34
Paq4 = —Z#@Mtplll —1 234 P34 + ’LTG Z&p41 + 27043 - F41p11 r F34p337

where § = Az — Az + Agy — Ayg, vz = iA12 + Y5 113 = i(A12 — Ago) + 8°,
Y1a = (D12 — Asg — Agq) + 1H5¢, qa3 = —ilse + VE5C, Y24 = i(—A32 + Asyg) + 755 and

fy%ec = L(I; + T;) is the decoherence rate between level |i) and |j).

In the four photon resonance (Ajg — Agz + Azq — Ajg = 0) condition, the Hamiltonian in
Eq. 4.1 will be time independent and the probe absorption given by Im(p12) + Im(ps2)
is plotted in Fig. 4.3 with the change in phase ¢, where ¢ = @12 — a3 — P34 — ¢p14. This
plot is obtained by varying the phase of the control laser, {214 in one of the arms of the
interferometer. The sinusoidal behaviour from this plot shows the phase dependence of

the system.
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In order to have phase variation at high frequency, we need to introduce a frequency
difference between the two arms of the interferometer by detuning one of the control
fields which causes non-zero four-photon detuning and the above equations of motion
are now time dependent. The time dependent equations can be solved using the Floquet

expansion given by
pi() = 3 pi ()™, (4.4)

where pg-l) (t) are the n'® harmonic amplitudes. Substitution of Eq. 4.4 in Eq. 4.3 and
comparing the coefficients with same factor e, the time dependence of the equations
of motion is removed which yields the following set of steady state equations of motion

for the slowly varying harmonic amplitudes.
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(4.5)
It is difficult to derive an analytical solution of the various harmonic components of the
density matrix but the equation can be solved numerically and we have truncated the
order at n=2. The zeroth order given by Im(pgg)) + Im(pég)) gives the DC component of
the probe absorption. The Im(pggl)) + Im(pégl)), Im(pgl)) + Im(pgl)) and Im(pgm) +
Im(p§;2)), Im(pgm) + Im(pgm) gives the first harmonics and second harmonics and so

on of the probe absorption. For small Rabi frequencies of the probe field compared to

the control field, the amplitude of the second harmonics is very small.
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The plot for the amplitude of probe absorption of the first harmonic given by Im(pgl)) +

Im(pgl)) with the change in the magnetic field at different control field detunings, A1y
and Q4 = Q34 = 0.5I'9 is given in Fig. 4.4a. When the magnetic field is absent
(i.e., B = 0), levels |1) and |3) are degenerate. In presence of magnetic field applied
along the direction of the probe field, the degeneracy is lifted and the shift in levels
are given by the Zeeman shift, Ap = gpmprpugB where gr is the Landé g factor, mp
is the magnetic quantum number and pp is the Bohr magneton. For the ground state
5S3/5(F = 1) of 8"Rb, gr=-1/2 and for mp=1, we have Ap = 1.4 MHz when B —
1 G. With the increase in strength of the magnetic field, the shift in the levels for |1)
and |3) are enhanced and are given by Ap/2 and —Ap/2 respectively. When magnetic
field increases to a value B = Ay4/1.4 MHz, the amplitude of the interference reaches a
maximum value as the two-photon resonance (Agq — Aj4 = 0) condition is now satisfied.
When B further increases, the amplitude of the interference decreases as the two-photon
resonance condition is no longer satisfied. This can be used to optimize the amplitude
of the interference by properly adjusting the magnetic field. The peaks are fitted to a
Lorentzian, and each fit yields a linewidth of around (1.5 + 0.1) G ((2.1 £ 0.1) MHz).
Fig. 4.4b presents the same plot of the amplitude of probe absorption with magnetic
field, but with higher Rabi frequency of control fields Q14 = Q34 = 1I'5. This plot simply
shows the power broadening effect of the control fields on the Lorentzian peaks. The
peaks are fitted to a Lorentzian, and each fit yields a linewidth of around (5.5 £ 0.1) G

((7.7 + 0.1) MHz).

In order to study the frequency response of the system, we now plot the amplitude of
probe absorption with the detuning of the control field A1y and Q14 = Q34 = 0.5I'2 in
Fig. 4.5a. The red and blue curve corresponds to the amplitude of interference in absence
and in presence of the magnetic field respectively. The blue curve is obtained by setting
the value of B such that the interference amplitude is maximized as discussed above. We
can clearly see that the magnetic field enhances the frequency response of the system.
The plots are fitted to a Lorentzian and the linewidth in absence and in presence of the
magnetic field is around (2.5 4+ 0.1) MHz and (12 4+ 0.1) MHz respectively. Fig. 4.4b
presents the same plot of amplitude of probe absorption with the detuning of the control

field A4, but with higher Rabi frequency of control fields Q44 = Q34 = I's. This plot
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simply shows the power broadening effect of the control fields on the frequency response
curve. The plots are fitted to a Lorentzian and the linewidth in absence and in presence
of the magnetic field is around 6 MHz and 12 MHz respectively. We also see similar
behaviour in the case of excited states with different decay rates (I's = 2rx 6 MHz and

'y = 27 x 1.4 MHz) of the double A-type system.

4.4 Experimental Results

20x10°T

Probe absorption (arb. units)

0 1 2 3 4 5 6
Phase, ¢ (7)

FIGURE 4.6: The probe absorption vs the change in phase, ¢ of the double A-type
system in Fig. 4.1b which involves the excited states with same decay rates (I'y = I'y =
2w x 6 MHz) at 780 nm transition.

4.4.1 Double A-type system at 780 nm transition

In order to monitor the phase sensitivity of the closed loop double A-type system which
involves the excited states with same decay rates at 780 nm transitions in Fig. 4.1b, we
plot the probe absorption from the photodetector as a function of the change of phase, ¢
and is shown in Fig. 4.6. This plot is obtained by introducing a phase difference between
the two arms of the interferometer by employing a mirror driven by a PZT as shown
in the set-up given in Fig. 4.2a. When ¢ = 2n7 radians, two waves are in phase they
interfere constructively and when ¢ = (2n + 1)7 radians, the two waves are out of phase
and they interfere destructively and cancel each other out. The difference between the
maxima and minima is scaled to 7 and is consistent with the voltage calibration for PZT

that was employed.
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FIGURE 4.7: The interference amplitude vs the power of the 780 nm control laser in
mW at different detuning of the control laser frequency, A4 =0.5, 4 and 6 (2rx MHz)

of the double A-type system in Fig. 4.1b which involves the excited states with same
decay rates (I'; = I'y = 27 x 6 MHz) at 780 nm transitions.

Interference amplitude (arb. units)

2 4 6 8 10
Detuning of the 780 nm control laser, A4 (2n x MHz)

FI1GURE 4.8: The interference amplitude vs the detuning of the 780 nm control laser,

A14 in MHz of the double A-type system in Fig. 4.1b which involves the excited states

with same decay rates (I'y = 'y = 27 x 6 MHz) at 780 nm transitions. Plots are shown
for three different powers of the 780 nm control laser: 0.5, 2 and 6 mW.

To ensure that a change in voltage applied to the PZT results in a change of phase in the
interferometer, a voltage calibration was performed. The calibration involved measuring
the relationship between the voltage applied to the PZT and the corresponding change
in the position of the mirror attached to it. In this particular case, a displacement of
0.39 pm is required for a phase difference of 27, which corresponds to a PZT voltage of
13 V. So, for four fringes, a PZT voltage of (52 £+ 2)V is required which is consistent
with Fig. 4.6.

TH-3002_166121009



Chapterj: Atomic coherence based multi lasers interferometry 69

Z ol ® |MH:
5 EH 2MHz
e A 4 MHz
& 401 v 6MHz
3 10 MHz
2 30- — Fit
o
£ o
8 20' /,\‘
VAR
Q:'::) 10'. A A
A A

ié o+ "A“'. . | -’A.//i : 5\‘\5 ¢

0 2 4 6 8 10

Magnetic field (G)

FIGURE 4.9: The interference amplitude vs the magnetic field in Gauss at different

detunings of the 780 nm control laser frequency, A4 =1, 2, 4, 6 and 10 (2rx MHz)

of the double A-type system in Fig. 4.1b which involves the excited states with same
decay (I's =Ty = 2rx 6 MHz) rates at 780 nm transitions.

Interference amplitude (arb. units)

2 4 6 8 10
Detuning of the 780 nm control laser, A, (2n x MHz)

FIGURE 4.10: The interference amplitude vs the detuning of the 780 nm control laser,

A14 in the presence of magnetic field of the double A-type system in Fig. 4.1b which

involves the excited states with same decay rates (I'y = I'y = 27x 6 MHz) at 780 nm

transitions. Plots are shown for three different powers of the 780 nm control laser: 0.5,
2 and 6 mW.

We now study the frequency response of this system. In order to begin, we must first
investigate the effect of the power of the 780 nm control laser on the amplitude of probe
absorption. The plot of the amplitude of probe absorption with change in the control
laser power at three different control laser frequency detunings, A4 is shown in Fig. 4.7.
According to this plot, the maximum interference amplitude is at around 500 W, thus
we set the control power at this value. When the power of 780 nm control laser is further

increased, the interference amplitude decreases as the atoms are optically pumped to the
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FIGURE 4.11: The interference amplitude vs the detuning of the 780 nm control laser,

Aq4 in absence and in presence of the magnetic field of the double A-type system in

Fig. 4.1b which involves the excited states with same decay rates (I'y =Ty = 27x 6

MHz) at 780 nm transitions. The power of the probe and control lasers are kept at 0.02
mW and 0.5 mW respectively.

other ground state 581/2(F:2) as the system is not perfectly closed. We then plot the
amplitude of probe absorption with change in the control laser detuning, A4 at three
different powers of the 780 nm control laser and is shown in Fig. 4.8. The plot is obtained
by detuning the frequency of the control laser in one of the arms of the interferometer
using the AOM arrangement as shown in the set-up given in Fig. 4.2a and measuring

the amplitude of the interference signal obtained at every frequency detuning.

We also study the frequency response of this system in the presence of a magnetic field. In
order to do this, we must first optimize the magnetic field strength for a particular control
laser frequency detuning as described above. Therefore, while keeping the control laser
frequency detuning fixed, we vary the magnetic field such that the interference amplitude
is maximized. This occurs as a result of the magnetic field lifting the degeneracy of
magnetic sublevels such that the two-photon resonance condition is satisfied. The plot
of the amplitude of probe absorption with the change in magnetic field at various control
frequency detunings is shown in Fig. 4.9 and each peak depicts this behaviour. The
peaks are fitted to a Lorentzian, and each fit yields a linewidth of around (0.7 £ 0.1) G
((1.0 £ 0.1) MHz). Next, we plot the amplitude of probe absorption with the detuning
of the 780 nm control laser, A4 at three different powers of the 780 nm control laser

but in the presence of a magnetic field and is shown in Fig. 4.10. The plot is obtained
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by measuring the interference amplitude at every control laser detuning after it has been

optimize using the magnetic field such that it is maximum.

Further, we plot the amplitude of probe absorption with the detuning of the 780 nm
control laser, A4 in absence and in presence of a magnetic field at optimum power and
is shown in Fig. 4.11. The plot shows that the frequency response is improved in the
presence of the magnetic field. The yellow and brown curve corresponds to the amplitude
of interference in absence and in presence of the magnetic field respectively. The plots
are fitted to a Lorentzian and the linewidth in absence and in presence of the magnetic

field is around (1.5 + 0.1) MHz and (8.4 £ 0.1) MHz respectively.

3.6821
3.6801
3.6781
3.676 1
3.6741
3.6721
3.6701

Probe absorption (arb. units)

Phase, ¢ (7)

02751

0.270 1

0.265T1

0.260 1

Probe absorption (arb. units)

0255+

0 2 4 6

Phase, ¢ ()
FIGURE 4.12: The probe absorption vs the change in phase ¢ of the double A-type
system which involves the excited states with different decay rates (I's = 27x 6 MHz
and 'y = 27x 1.4 MHz) at 780 nm and 420 nm transitions when (a) probe laser is

locked to 5S83/5(F = 1) — 5P3/5(F = 0) in Fig. 4.1c, and (b) probe laser is locked to
5S3/2(F = 1) — 5P3,5(F = 1) in Fig. 4.1d.
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FI1GURE 4.13: The interference amplitude vs the power of the 420 nm control laser in

mW at various detuning of the 420 nm control laser, A4 =0.1, 1 and 10 (27x MHz)

for the double A-type system in Fig. 4.1d. which involves the excited states with

different decay rates (I's = 2rx 6 MHz and I'y = 27x 1.4 MHz) at 780 nm and 420 nm
transitions.

4.4.2 Double A-type system at 780 nm transition and 420 nm transi-

tion

Similarly, we monitor the phase sensitivity of the closed loop double A-type systems which
involves the excited states with different decay rates at 780 nm and 420 nm transitions
in Fig. 4.1c and Fig. 4.1d. We again plot the probe absorption from the photodetector
as a function of the change of phase between the two arms of the interferometer, ¢ and
is shown in Fig. 4.12a and Fig. 4.12b. The sinusoidal behaviour from these plots shows

phase sensitivity of the two systems.

We now study the frequency response of the two systems given in Fig. 4.1c and Fig. 4.1d
similar to Fig. 4.1b as described above. We first investigate the effect of the power of the
420 nm control laser on the amplitude of probe absorption. The plot of the amplitude
of probe absorption with the change in the 420 nm control laser power at three different
control laser detunings, A4 is shown in Fig. 4.13. According to this plot, the maximum
interference signal amplitude is at around 8 mW, thus we set the control power at this
value. We then plot the amplitude of probe absorption with change in the control laser
detuning, A4 at three different powers of the 420 nm control laser and is shown in Fig.
4.14a and Fig. 4.14b. The plot is obtained by detuning the frequency of the 420 nm

control lager in one of the arms of the interferometer using the AOM arrangement as
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FIGURE 4.14: The interference amplitude vs the detuning of the 420 nm control laser

in MHz for the double A-type system in (a) Fig. 4.1c, and (b) Fig. 4.1d which involves

the excited states with different decay rates (I's = 27 x 6 MHz and 'y = 27 x 1.4 MHz)

at 780 nm and 420 nm transitions. Plots are shown for three different powers of the
420 nm control laser: 2, 4 and 8 mW.

shown in the set-up given in Fig. 4.2b and measuring the amplitude of the interference

signal obtained at every frequency detuning.

We also study the frequency response of the two systems given in Fig. 4.1c and Fig.
4.1d in the presence of a magnetic field. The plot of the interference amplitude with the
change in magnetic field is shown in Fig. 4.15a and Fig. 4.15b at various control frequency
detunings. From these plots we find that whenever the two-photon resonance condition
is satisfied, the interference amplitude is maximized. Next, we plot the interference
amplitude with the detuning of the 420 nm control laser, A4 but in the presence of

a magnetic field and is shown in Fig. 4.16a and Fig. 4.16b. The plot is obtained by
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FIGURE 4.15: The interference amplitude vs the magnetic field in Gauss at various
detuning of the control laser frequency, A4 =0.1, 0.5, 1, 2, 4, 6 and 10 (27rx MHz) for
the double A-type system in (a) Fig. 4.1c, and (b) Fig. 4.1d which involves the excited
states with different decay rates (I's = 27rx 6 MHz and T'y = 27 x 1.4 MHz) at 780 nm

and 420 nm transitions

measuring the interference amplitude at every control laser detuning after it has been

optimize using the magnetic field such that it is maximum.

Further, we plot the amplitude of probe absorption with the detuning of the 420 nm

control laser, Ay4 in absence and in presence of a magnetic field at optimum power and

is shown in Fig. 4.17a and Fig. 4.17b. The plot shows that the frequency response

is improved in the presence of the magnetic field. Fig. 4.18 shows a comparison of the

amplitude of probe absorption vs the detuning of the control laser, A4 in presence and in

absence of the magnetic field for the two different configuration of the closed loop double

A-type system given in Fig. 4.1b and Fig. 4.1c. The plot shows that the behaviour in

terms of the frequency response of the two systems is similar.

TH-3002_166121009



Chapter 4 Atomic coherence based multi lasers interferometry

(5S15(F=1)—6P3,(F=0))
—— 8 mW
—- 4 mW

2 mW,|

(a)

Interference amplitude (arb. units)

2 4 6 8 10
Detuning of the 420 nm control laser, A4 (2n x MHz)

(58,2(F=1)—6Py 5(F=1))
—0— SmVW|
—- 4mW

2mW|

204

151
(b)

10t

Interference amplitude (arb. units)

2 4 6 8 10
Detuning of the 420 nm control laser, A, (2n x MHz)
FIGURE 4.16: The interference amplitude vs the detuning of the 420 nm control laser,
A1y in the presence of magnetic field for the double A-type system in (a) Fig. 4.1c, and
(b) Fig. 4.1d which involves the excited states with different decay rates (I'y = 27x 6

MHz and I'y = 27 x 1.4 MHz) at 780 nm and 420 nm transitions. Plots are shown for
three different powers of the 420 nm control laser: 2, 4 and 8 mW.
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FIGURE 4.17: The interference amplitude vs the detuning of the 420 nm control laser,
A14 in absence and in presence of the magnetic field for the double A-type system in
(a) Fig. 4.1c, and (b) Fig. 4.1d which involves the excited states with different decay

rates (I'y = 2rx 6 MHz and I'y = 2wx 1.4 MHz) at 780 nm and 420 nm transitions.
The power of the probe and control lasers are kept at 0.02 and 8 mW respectively.
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FI1GURE 4.18: The interference amplitude vs the detuning of the control laser, A4 in
presence and in absence of the magnetic field for the two different configuration of the
closed loop double A-type system given in Fig. 4.1b and Fig. 4.1c. The plot in red
involves the excited states with same decay rates (I's = I'y = 2rx 6 MHz) at the 780
nm transition and the plot in blue involves the excited states with different decay rates
(Te = 27x 6 MHz and I'y = 27x 1.4 MHz) at the 780 nm and 420 nm transitions.
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4.5 Conclusions

In conclusion we have demonstrated the atomic coherence based multi lasers interfer-
ometry in two different configurations of the closed loop double A-type system which
is based upon the principle of phase-dependent EIT. These configurations involve the
excited states with same decay rates at the 780 nm transition and with different decay
rates at the 780 nm and 420 nm transitions respectively. We observed a similar behaviour

in terms of the frequency response of the two different systems.

This chapter is to submitted as:
Atomic coherence based multi lasers interferometry

Dangka Shylla, Rajnandan Choudhury Das and Kanhaiya Pandey
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Chapter 5

Characterization of ®Rb atoms in
the MOT

THIS chapter outlines the characterization of the cold Rb atoms in the magneto-
optical trap (MOT). We know that cold atoms reduce the decoherence brought on by
transit time broadening, the Doppler effect, collisions, etc., so it will be helpful for our
interferometric experiments. We compared the sensitivity of the phase of atoms at room
temperature and cold atoms in chapter 3, and it is evident that cold atoms perform better
in the sensitivity measurements. In light of this, we set up the cold atom experiments
and performed the cold atom characterization for ®Rb atoms in the MOT using the
5S1/2(F = 3) — 5P3/5(F = 4) broad cyclic IR transition at 780 nm. We studied the
behaviour of the cold ®Rb atoms in the MOT with various parameters such as hold
time, power of cooling beam as well as the repumping beam. We also measured the
optical density, the number of atoms and the temperature using absorption imaging.
The temperature of the atoms in the MOT is around 500 pK as the result of Doppler

cooling and the number of atoms trapped is around 1.5x108.

79
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5.1 Introduction

One of the most basic laser cooling techniques [79, 109] used to obtain a cold gas cloud
of atoms is the Doppler cooling method, which has a cooling limit [110, 111]

min __ LU

B = (5.1

where, I' is the natural linewidth of the atomic transition, A is the reduced Planck’s
constant and kp is the Boltzmann’s constant. However, the expression in Eq. 5.1 is
valid in cases where the energy width of the excited state Al' exceeds the recoil energy
E;
R2k2

Al >E, = T (5.2)
where, m is the mass of the atom and k is the wave vector of the transition. In order to
reach sub-Doppler temperatures, other cooling methods such as Sisyphus cooling [82, 83],
grey molasses [84, 85| and evaporative cooling [86] methods are used. By laser cooling we
can lower the temperature of the atoms, but a trapping mechanism is needed to keep the
atoms confined. The configuration that can cool as well as trap the atoms is known as a
magneto-optical trap (MOT) [112]. The cold gas cloud of atoms in the MOT serves as
the foundation for many experimental studies on high precision spectroscopy [66], atom
interferometry [67, 68|, Bose-Einstein condensation (BEC) [69], atomic clocks [70], etc.,
as the ensemble of such atoms effectively reduces the collisional dephasing rate in the

medium and also eliminates the Doppler effect in the spectral feature.

In this chapter, we discuss the design of a MOT for laser cooling and trapping of Rb
atoms. The cold atom characterization was done for ®Rb at 5S; o(F = 3) — 5P3 5(F =
4) broad cyclic IR transition using absorption imaging. To analyse the images and
extract information about the cloud, such as its radius, optical density, number of atoms
in the trap, and temperature, an image analysis programme was built. We report on
the number of atoms we were able to trap as well the temperature of the cold atom
cloud achieved with our set-up. These atoms can be further cooled by using sub-Doppler

cooling mechanism such as polarization gradient cooling or narrow linewidth cooling at
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420 nm open transition. In polarization gradient cooling, the cooling beams are left on
and the magnetic field is switched off so the temperature reduces but the density of the
cloud also reduces as a result of the cloud expansion. In narrow linewidth cooling, the IR
MOT is simply transferred to the 420 nm MOT where the linewidth is four times lower
than the IR transition. As a result, by the Doppler limit the temperature is lowered by
four times while also winning at high phase-space density for quantum degeneracy which
can benefit applications for a wide range of many-body physics phenomena [113] as well
as quantum information processing [114-116]. We prepare such cold atoms for loading
into a second stage narrow linewidth cooling at 420 nm open transition where we will

experimentally realize the lower temperature it can offer [117].

This chapter is organized as follows: In section 5.2, we describe the energy level scheme
and the experimental set-up which includes the polarization spectroscopy set-up, the
MOT set-up that comprises the vacuum part as well as the magnetic field generation
and the imaging set-up for the laser cooling and trapping of ®®Rb atoms in the MOT.
In section 5.3, we present the experimental results obtained with our set-up. Finally in

section 5.4, we give the conclusion on this work.

5.2 The energy level scheme and experimental set-up

The energy level scheme for the laser cooling and trapping of 8°Rb atoms with hyperfine
splitting in MHz of the ground state 53, /o and excited state 5P3/, [118] is given in Fig.
5.1. The lifetime of the 5P3, state is T1 = 26.25 ns [96, 119]. In order to achieve the laser
cooling and trapping of 3°Rb atoms, the 780 nm cooling laser is red detuned (in our case
by 15 MHz) from the 53, /5(F = 3) — 5P3/9(F = 4) cooling transition. This is a closed
transition so an atom excited to the 5P3/o(F = 4) state will spontaneously decay back to
the 5S; /o(F = 3) ground state. However, despite the significant frequency mismatch it is
also possible for an off-resonant excitation of another transition to the 5P/ (F = 3) state
to occur. In this case the atom can then decay to the 5S; /5(F = 2) lower ground state
or 5S; /5(F = 3) upper ground state. If an atom decays to the 5S; /o(F = 2) lower ground

state then it will become inaccessible to the cooling laser. The repumping laser that is
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FIGURE 5.1: The energy level scheme for the characterization of 8°Rb atoms in the
MOT using 780 nm laser with hyperfine splitting in MHz.

resonant with the 557 5(F = 2) — 5P3/5(F = 3) transition is then used to bring back

the atoms into the cooling cycle. This ensures the continuous operation of the MOT.

The experimental set-up for the laser cooling and trapping of 8°Rb atoms at 551 /2(F =
3) = 5P3/9(F = 4) cooling transition is shown in Fig. 5.3. The IR lasers are generated
from the laser diodes (Thorlab L785H1) which are home-assembled extended cavity diode
lasers (ECDLs) with a typical linewidth of 500 kHz [107] and beam diameter of 2 mm x
3 mm. In order to prevent the optical back reflections into the laser cavity, each laser is
shielded with a single stage 40 dB optical isolator (Isowave [-80-T4-H). The IR lasers DL1
and DL2 operates in the master-slave configuration [120, 121] as shown in Fig. 5.3. The
master laser is designated as DL1, while the slave laser as DL2. A portion of the beam
from the master laser is frequency shifted by around +2x100 MHz using an acousto-optic
modulator (AOM) in the double-pass configuration [122] and is then injected into the
slave laser as shown in the Fig. 5.3. The double-pass configuration has the advantage of
preserving the optical alignment of the injection beam when the frequency of the AOM
is changed. The frequency of the master laser is stabilized by an electronic feedback
circuit with the method of polarization spectroscopy [123]. The frequency of the slave
laser gets locked to the frequency of the injection beam. By varying the frequency of
the AOM, the frequency of the slave laser can be changed precisely and rapidly. With
this configuration, the frequency of the cooling laser is always precise within sub-MHz
precision and provides a tuning range up to 26 MHz. The slave lager output of 70 mW

is used as the cooling beam for the MOT experiments after it has been frequency shifted
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FIGURE 5.2: Illustration of the Rubidium cell oven.

by +114 MHz using another AOM in the single-pass configuration such that it is red
detuned on the 5S;/o(F = 3) — 5P3/5(F = 4) cooling transition. This AOM is used
for fast switching and power variation of the 780 nm cooling beam. The DL3 with laser
output of 25 mW is used as the repumping laser. Both the cooling and repumping beams
are combined to co-propagate and is then sent to the MOT set-up. The experimental
set-up is further divided into three main sections: the spectroscopy set-up, the MOT

set-up and the imaging set-up.

5.2.1 The spectroscopy set-up

In order to improve the signal-to-noise ratio of the absorption spectra for the spec-
troscopy, an oven for heating the Rb vapour cell is designed and is shown in Fig. 5.2.
The Rb vapour cell is heated to around 50°C using two Peltier modules. These two Peltier
modules are placed close to the windows to prevent coating which develops as a result of
uneven heating of the Rb vapour cell and can obstruct beam transmission, resulting in
weak spectra signals and consequently low signal-to-noise ratio. The signal-to-noise ratio
significantly increases with this arrangement given in Fig. 5.2. The spectroscopy set-up
for error signal generation and laser stabilization of the 780 nm cooling and repumping

laser to the desired transition is done using polarization spectroscopy [124-126] where
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FIGURE 5.3: A schematic diagram of the experimental set-up displaying how the optical

table is arranged. The Master-slave configuration, spectroscopy set-up, imaging set-

up and the MOT set-up are shown in blocks marked with a dashed line. DL: diode

laser; AOM: acousto-optic modulator; PD: photodetector; PMT: photomultiplier tube;

CCD: charge-coupled device; FWC: four-way cross; AV: angle valve; EF: electrical
feedthrough.

the magnetic field is applied in the direction of propagation of the probe beam and is
labelled as spectroscopy set-up in Fig. 5.3. The advantage of this method is that it does
not affect the frequency of the laser beam going to the experiment. The typical error

signal generated by polarization spectroscopy is shown in Fig. 5.4a and 5.4b.

The master laser is divided into three main parts. The first part is used for injection
locking as described above. The second part is sent to the Rb vapour cell inside the oven
for the frequency stabilization to the F' = (2,4) crossover peak of the 8°Rb absorption
spectrum as shown in Fig. 5.4a. The power of the control and probe beams used are
around 1 mW and 160 W, respectively. The third part is sent to the imaging set-up

where it will be covered in section 5.2.3.

The 780 nm repumping laser is divided into two parts. The first part is sent to the
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FIGURE 5.4: (a) Error signal vs frequency scan in MHz of *Rb 5S;»(F = 3) —
5P3/5(F = 4) and (b) Error signal vs frequency scan in MHz of 85Rb 5S; »(F = 2) —
5P3/5(F = 3) using the polarization spectroscopy method. The numbers represent the
various hyperfine levels and the numbers in the brackets are the crossover resonances.

same vapor cell inside the oven for the frequency stabilization. The repumping laser
is frequency stabilized on the 5S;/5(F = 2) — 5P35(F = 3) transition of the 8Rb
absorption spectrom as shown in Fig. 5.4b using the same polarization spectroscopy
[126]. The power of the control and probe beams are 150 uW and 128 pW, respectively.
The spatial separation between the cooling and repumping probe beams is around 1 cm.

The second part is then sent to the MOT set-up.

5.2.2 The MOT set-up

The MOT set-up consists of a vacuum system, an atomic source of Rb, magnetic field

coils and three sets of beams as shown in the Fig. 5.5.
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FIGURE 5.5: The 3D-MOT set-up displaying the vacuum chamber of the experiment,
the three pairs of the circularly polarized cooling laser beams counter-propagating along
three coordinate axes and current I flowing in opposite directions of the AH coils.

Vacuum system

In order to reach the required vacuum conditions for our MOT experiments, three pumps
have been employed in the following order: rotary pump, turbo-molecular pump, and ion
pump. Each one of them operates within a specific range of pressure. The rotary pump
has a pressure range from 1 bar to 1.9 x 1073 mbar, the turbo-molecular pump from
0.5 x 1072 to 10~7 mbar and ion pump from 1076 to 10~ mbar. The rotary pump is
connected to the turbo-molecular pump through a flexible corrugated metal hose using
rubber O-rings and Klein Flange (KF) flanges. The turbo pump is then connected to a
four-way cross and a pressure gauge is attached above it to monitor the pressure inside.
One end of the four-way cross is then attached to the manually operated all-metal angle
valve through another flexible corrugated metal hose. The angle valve is connected to
one of the flanges of another four-way cross. On the flange opposite to the valve, there is

an inlet and a branch in which the ion pump with pumping speed of 75 1/s is connected.
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A separate ion-gauge gives a measure of the vacuum pressure inside, which should be in
the range of 107° mbar. The vacuum system at this point are sealed by copper O-rings
and ConFlat (CF) flanges. At the other two flanges, we have the MOT cell of dimension
100 mm x 25 mm x 25 mm and the Rb source that is attached to the electric feedthrough

as shown in the Fig. 5.3.

The Rb source used here is a Rb dispenser (AlfaSource AS-Rb-0090-2C) which is a
controllable source of Rb vapour has 90 mgs of Rb compound. The Rb compound is
contained in a small stainless steel cylindrical casing. This source is affixed onto two
pins of vacuum electric feedthrough system attached to one end of the four-way cross
as shown in Fig. 5.5. When current is applied, Rb vapour is produced and flows in the
MOT cell. The dispenser can emit Rb atoms only if the threshold current is exceeded.
The more current applied to the dispenser the more Rb vapour is produced. The current
is adjusted to the operating current preferably at low operating current of the dispenser
which is 2.1 A in our case. The Rb dispenser is positioned as close to the MOT cell as

shown in Fig. 5.5 but there must not be a direct line of sight between it and the ion

pump.

Continuous baking of the chamber for one week at a temperature of around 200°C has
been done in order to remove as many molecules as possible through the process of
degassing. Once the necessary pressure has been reached which is around 107'° mbar
in our case, the rotary and turbo-molecular pumps are removed from the ion pump. The
angle valve is then used to isolate the vacuum system from the turbo-molecular pump

using a hermetic seal and the ion pump is constantly kept on.

Magnetic field generation

A MOT requires a well designed Anti-Helmholtz coil [127, 128]. We have used an Anti-
Helmholtz coil which can generate 18 G/cm magnetic field gradient by passing current,
I=1 A. Each coil has an inner diameter of 7 cm, outer diameter of 13 cm, thickness of 3
cm, and 500 number of turns. The wire diameter of 1 mm is also taken into consideration
because there is a limit to how much current a wire can withstand before being damaged.

The design of the Anti-Helmholtz coil pair is such that it does not obstruct our three pairs

TH-3002_166121009



Chapter 5: Characterization of 8°Rb atoms in the MOT 88

FIGURE 5.6: Photo of the cold atomic cloud in the MOT at780 nm as seen with the
naked eye.

of laser beams. To eliminate the stray magnetic field, three pairs of shim coils are also
utilized around the MOT chamber (although these are not included in the schematics).
For fast switching "on" and "off" of the magnetic field, a high current switch based on
an insulated-gate bipolar transistor (IGBT) is used. The switching-off time of the coil is

around 20 us.

In the MO'T set-up the cooling and repumping beams after combining and co-propagating
are further divided into three pairs. The three pairs of beams are expanded with Galilean
telescopes consisting of a pair of plano-concave and plano-convex lens of focal length -25
mm and 250 mm respectively to a diameter of around 25 mm. The expanded beams are
then made mutually perpendicular and properly circularized using a A/4 wave-plate and
retro reflected back with a combination of a mirror and a A/4 wave-plate intersecting at
the center of the MOT chamber. The laser cooled and trapped rubidium atomic cloud
in the MOT at 780 nm observed that is visible to the naked eye and is as shown in Fig.
5.6.
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FIGURE 5.7: (a) Timing squence used to capture the images for the measurement of
the optical density, radius, number of atoms in the trap as well as temperature, and
(b) Cloud expansion at 1 ms and 4 ms TOF respectively.

5.2.3 Imaging set-up

The absorption imaging is done using a portion of beam from the master laser as shown
in Fig. 5.3. It is upshifted by +2x46 MHz using an AOM in double-pass configuration
such that it is resonant on the 5S;/5(F = 3) — 5P3/5(F = 4) cooling transition. This
AOM is used mainly for fast switching and for tuning the frequency of the imaging
beam around the resonance of the cooling transition. A double-pass configuration [122]
is chosen as it prevents misalignment when the detuning of the imaging beam is changed.
This beam is then sent to the polarizing maintaining fibre where its spatial modes are
clean to a Gaussian. It is then expanded and collimated with a combination of lenses
such that it is big enough to overlap with the whole atom cloud. It is also circularly
polarized using a combination of A/4 wave-plate and a polarizing beam splitter (PBS).
A small biasing field if 1 G is generated from a pair of shim coils which is not shown
in the schematics. The power of the imaging beam used before the expansion is around
6 uW. After the MOT the imaging beam is demagnified close to the size of the chip in
the camera i.e. a demagnification of 0.1. The camera used is a CCD camera (Imprex
B0620) with a chip of 640x480 pixels each of which has a size of 7.40 ym. The timing

sequence used to capture the images for the measurement of the optical density, radius,
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FIGURE 5.8: Loading of the MOT. The beams are turned on at t = 0, after which the
signal shows an exponential growth with a time constant of about 1.7 s as obtained
from the fit.

number of atoms in the trap as well as temperature using absorption imaging is as shown
in Fig. 5.7a. Three images: the imaging beam with the atomic cloud, the imaging beam
without the cloud and then the background are captured using the timing sequence to
determine the optical density, radius of the cloud and the number of atoms. The same
sequence is executed twice but with two different time of flights (TOF) at 1 ms and 4

ms to determine the temperature of atomic cloud and is shown in Fig. 5.7b.

5.3 Experimental results

We determined the loading time of the atom cloud by measuring the trap fluorescence
with time by fast switching the beams from "off" to "on". The trapped fluorescence is
related to the number of atoms. The plot of PMT signal with time is shown in Fig.
5.8. The loading time of the atom cloud is determined from the fit given by exponential
growth equation

t

N=N(l—e7) (5.3)

where Nj is the number of atoms in the steady state and 7 is the loading time. The
loading time is found to be around 1.70 s as obtained from the fit (for time, t > 0). As a
result, the loading time of the atomic cloud in the timing sequence for our experiments

is fixed at 2 s.
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FIGURE 5.9: OD vs Imaging detuning in MHz. The line center is at the resonance

indicating that there is no lock-offset and the linewidth is around 27 x9 MHz as obtained
from the Lorentzian fit
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FIGURE 5.10: Characterization of 8°Rb atoms in the MOT. Radius of the atomic cloud

vs the hold time in ms at low power of the cooling laser in the MOT for horizontal and

vertical direction. The solid lines are exponential fits with 1/e decay time of 2.33 ms
and 5.52 ms for horizontal and vertical direction respectively.

Using the loading time of 2 s, we measured the optical density (OD) at different detuning
of the imaging beam in MHz. The OD is determined from three recorded images in the
following sequence: the imaging beam with the atom cloud, the imaging beam without

the cloud and then the background. Thus, the OD can then be calculated as:

Iabs - [bac
D=—Inl ——— 4
0 n< Iref - Ibac > (5 )

where Iy, is the image of the imaging beam with the atom cloud, I, is the image of the
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FIGURE 5.11: Characterization of °Rb atoms in the MOT. Number of atoms vs

Frequency detuning of cooling laser in MHz keeping the power of cooling and repumping

laser at maximum i.e., at 70 mW and 20mW respectively. The detuning of the cooling
laser at 780 nm is kept at -6 MHz during the hold time.

imaging beam without the atom cloud and I, is the image of the background. To find
Laps — Iac
Iref - Ibac
of the imaging beam, thus creating a matrix for the optical density for every pixel of

the OD the fraction of — ln< > for every pixel is calculated at every detuning
the CCD chip. Using a 2D gaussian fit we extract the OD and the radii of the cloud
along horizontal and vertical direction. The plot of OD with various imaging detuning
in MHz is as shown in Fig. 5.9 and linewidth is found to be 8 MHz as obtained from
the Lorentzian fit. It also shows that there is no lock offset as the OD is maximum at

the resonant frequency of the cooling transition at 53 o(F = 3) — 5P3/o(F = 4).

We then vary the hold time and lower the power of the cooling laser by factor of 10
keeping the detuning of the cooling laser at -6 MHz. Fig. 5.10 shows the radius of the
atomic cloud with the hold time decreasing exponentially with increase in the hold time,
indicating the cooling of the cloud. The radii data are fitted to an exponential decay
function with 1/e decay time of 2.33 ms and 5.52 ms for horizontal and vertical direction
respectively. The plot also shows that the radius of the cloud does not vary in size after
a 5 ms hold time. For this reason, the cooling laser power is lowered to 7 mW for 5 ms

throughout our experiments.

Next, the number of atoms in the atom cloud is measured by varying various parameters

like the detuning of the cooling beam and power of the cooling beam as well as the
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FIGURE 5.12: Characterization of Rb atoms in the MOT. (a)Number of atoms vs
Power of cooling laser in mW keeping power of repumper at maximum i.e., at 20 mW
and (b) Number of atoms vs Power of repumper in mW keeping power of cooling laser
at maximum i.e., at 70 mW. The detuning of the cooling laser at 780 nm is kept at -15
MHz during the loading time and -6 MHz during the hold time for both cases.

repumping beam. To find the number of atoms, we first determine the number density
using optical density and radii obtained above. The number density ng of atoms is given

by
OD

B V27500 min

where Sy = 3)\2/27 is the saturation parameter and the total number of atoms can be

no (5.5)

obtain by using Eq. 5.5 in

Ny = (2%)3/2noaxayamin (5.6)

ox and oy are the radii along the horizontal and vertical direction. o, is taken to be

the minimum of oy or oy.
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The number of atoms is first monitored by varying the detuning of the cooling laser during
the loading time and keeping it fixed to -6 MHz during the hold time. We obtained a
plot for number of atoms with the frequency detuning of the cooling laser in MHz and
is shown in Fig.5.11a. From the plot, it shows that the number of atoms increases with
the increase in the detuning of the cooling laser and then begins to saturate at higher
detuning. At -15 MHz detuning of the cooling beam, maximum number of atoms (4 X

107) are trapped. This detuning is hence used for loading throughout our experiments.

In order to study the effect of power of cooling lager on the number of atoms, the detuning
of the cooling beam is kept at -15 MHz during the loading time, -6 MHz during the hold
time and power of the repumper is kept at maximum. We obtained a plot for the number
of atoms with change in power of the cooling laser in mW and is shown in Fig 5.12 a
where the number of atoms starts to increases with increase in power of the cooling laser
and then saturates at high power. It indicates that 70 mW power of the cooling laser is

sufficient for the loading of the cold atoms and is used throughout the experiments.

We also studied the effect of the power of the repumping laser on the number of atoms
and the plot is given in Fig.5.12b. The power of the cooling laser is kept at maximum
and its detuning is kept at -15 MHz during the loading time and -6 MHz during the
hold time. We observe a similar behaviour with the cooling laser power. The number of
atoms first increases with increase in repumping power and then saturates to a maximum
at high power. It shows that 25 mW of repumper power is sufficient to capture 4x107

atoms.

Lastly, we measured the number of atoms and temperature in pK of the atom cloud with
various detuning of the cooling laser during the hold time but keeping the detuning fixed
at -15 MHz during the loading time. From the plot shown in Fig.5.13a it shows that the
number of atoms increases with the increase in the detuning of the cooling laser and then
begins to saturate at higher detuning. At around -15 MHz detuning of the cooling beam,
maximum number of atoms 1.5 x 10® are trapped. For the temperature measurements
as discussed above, the atomic cloud temperature is measured by comparing its radius
at two distinct TOF where the magnetic field has been turned "off". This is done by

repeating the same time sequence in Fig. 5.7 again, but using TOF 1 ms and 4 ms. The
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FIGURE 5.13: Characterization of ®*Rb atoms in the MOT. (a) Number of atoms vs

Cooling laser frequency detuning in MHz. (b) Temperature in uK vs Cooling laser

frequency detuning in MHz keeping cooling and repumping laser power at maximum

i.e., at 60 and 20 mW respectively. The detuning of the cooling laser at 780 nm is kept

at -15 MHz in the loading phase and -is varied from 0 to -27 MHz in the optimization
phase for both the cases.

radius of the cloud is expressed as a function of time t by [129]

kgT
2 ) B 2
o, =00+ | —— )1 5.7
Z z0 (A[b> ( )

The temperature is then determined from Eq. 5.7 and is given by

T = z z 5.8
kp < t3 — o9

where Mgy is the mass of Rb, 0,1 and o, are the radii of the cloud at ¢; and ¢9

respectively. The plot of temperature with change in the detuning of the cooling laser is
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shown in Fig.5.13b. From the plot, the temperature decreases rapidly as the deturning is
shifted from the resonance and then it increases slowly as the detuning is further change
from the point of minimum. We observe that at -15 MHz, the temperature of the atomic

cloud is minimum and it is around 500(50) pK.

5.4 Conclusions

In conclusion we have demonstrated the laser cooling and trapping of 8°Rb atoms in the
MOT using the broad cyclic IR transition, 551/, — 5P3/5 at 780 nm to trap around
1.5x10% number of atoms at typical temperature of 500(50) uK. These cold atoms are
prepared to be loaded into a second stage narrow linewidth cooling at a 420 nm open
transition, where we finally realized the lower temperature it can offer due to the Doppler
cooling limit. This will help create the high phase-space density atomic cloud necessary

to achieve quantum degeneracy.

TH-3002_166121009



Chapter 6

Effect of detuning on velocity
induced population oscillation

THIS chapter outlines an experimental study on the effect of detuning on velocity
induced population oscillation (VIPO) for a Doppler mismatched double resonance. The
double resonance experiment is conducted on 5S5;/; — 5P3/p transition (at 780 nm)
and 55/, — 6P/, transition (at 421 nm) in 87Rb at room temperature. The method
measures the shift of the VIPO dip from the line center of the transparency or enhanced
absorption (EA) peaks caused by the lock offset point of the resonantly driving laser i.e.,
the IR laser in our case. The shift in the VIPO dip with IR laser detuning is non-linear
but symmetrical and the width of the line profile for the VIPO dip height with IR laser
detuning is sub-natural. We subsequently utilized the effect to precisely determine the
locking point of the IR laser on the 53, /5(F=2) — 5P3/5(F=3) transition in the double
resonance configurations with an uncertainty of around 100 kHz. The experimental result

is well supported by numerical simulation using the density matrix calculations.
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6.1 Introduction

Velocity-induced population oscillation (VIPO) [71-73| is an important addition to the
commonly used saturated absorption spectroscopy (SAS) [130, 131] and has been utilized
for the removal of crossover peaks and broadening due to mismatch of the wavelength
for probe and control lasers [75, 76]. The phenomenon of VIPO has been rigourously
studied for the saturated fluorescence spectrum in two-level system, which is a very useful
spectroscopic technique for weak transitions [74]. Recently, the VIPO effect has been
utilized to eliminate the partial Doppler broadening and hence resolve the closely spaced

hyperfine levels of the 6P3 /5 state in Rb for Doppler mismatched double resonance [77].

In this work, we describe the effect of detuning on the VIPO dip which can be an effective
method to determine the laser lock offset on a particular atomic transition. Laser lock
offset is very important for the precision measurement of the optical transition. As the
precision measurement of the atomic-optical frequency is used for the verifications of
various atomic models [132, 133], accurate calculations of physical quantities such as
Lamb shift [134], hyperfine structure constants [135], optical frequency reference [136],

coherent excitation of the Rydberg states for quantum information processing [137], etc.

We demonstrate this effect i.e. the detuning on VIPO resonance in the V-type and in
the optical pumping system in 8’Rb. A probe and a counter-propagating control laser
beam of same polarization driving the 58;5(F = 2) — 5P3/5(F = 3) transition starts
interfering (or beating) which induces a temporal modulation of the population between
the lower and upper levels of the transition [138-144|. A second pump laser scans across
the 6Py /5 hyperfine levels on 55/, — 6P/, transition and redistributes the population.
In this configuration, a VIPO dip appears in the transparency or EA spectrum window
whose position is sensitive to the IR laser detuning. The shift in the VIPO dip vs IR
detuning is non-linear but symmetrical. The width of the profile for the VIPO dip height
vs IR lager detuning is sub-natural which helps us to precisely determine the lock offset
of the IR laser. VIPO is very similar to the standing wave electromagnetically induced
transparency (EIT). Note that, EIT in the standing wave probe-control configuration in a
V-type system [77, 145, 146] as well as in the standing wave control-control configuration

in the ladder system [147, 148] and lambda system [149] has been studied. However, the
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effect of detuning has not been studied in detail and it has not been utilized in the theme

of spectroscopy. In this work, we utilize these effects to determine the laser lock offset.

This chapter is organized as follows. In section 6.2, we describe the relevant energy levels
for the different experimental configurations and the experimental set-up. In section
6.3, we describe the density matrix formalism for the various systems considered and
the numerically simulated absorption profile of the probe. In section 6.4, we present
the experimental results of the effect of detuning on the VIPO dip corresponding to
551 /2(F = 2) — 5P35(F = 3) transition in 87Rb. Finally in section 6.5, we give the

conclusion on this work.

6.2 The energy schemes and set-up

The relevant energy levels for the different experimental configurations are shown in Fig.
6.1. The propagation direction of the beams for the probe and control laser at 780 nm
(IR) and the pump laser at 421 nm (blue) transitions are shown at the bottom of the level
schemes. The IR laser is tuned near the resonance on the 5S; /o(F = 2) — 5P35(F = 3)
cycling transition. The lifetime of the 5P3 /5 state is T1 = 26.23 ns [96]. The absorption
of the probe is monitored as the co-propagating blue pump laser scans across the 6P/,
hyperfine levels on 5S;/9(F = 2) — 6P/, transition which corresponds to a V-type
system (or 5Sy5(F = 1) — 6Py /5 transition which corresponds to the optical pumping
system). The lifetime of the 6P, /5 state is To = 125.32 ns [150]. The experimental set-up
for the various configurations (in Fig. 6.1) is shown in Fig. 6.2. The IR laser is generated
from a laser diode (Thorlab L785H1) which is a home-assembled extended cavity diode
laser (ECDL) with a typical linewidth of 500 kHz. The beam diameter of the 780 nm
beams are 2 x 3 mm. The power of the probe beam used in the experiment is 42 W (or

peak intensity of 1.78 mW /cm?).

The blue laser is generated using a commercially available ECDL (Toptica DL PRO HP)
with a typical linewidth of < 200 kHz and output power of 70 mW. A portion of the blue
beam is fed to the Fabry-Perot Interferometer for monitoring the single-mode operation

of the laser. The beam diameter of the 421 nm pump beams is 3 x 4 mm. The scan of
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FIGURE 6.1: The energy level schemes (with hyperfine splitting in MHz) for (a) V-
type system, (b) V-type system with VIPO effect at IR transition, (c) optical pumping
system and (d) optical pumping system with VIPO effect at IR transition.

the blue pump laser is frequency calibrated using the peaks of the reference spectrum
corresponding to the 6Py /o(F=1,2) hyperfine levels and the hyperfine interval is given in
Ref. [151].

In order to study the effect of detuning of the IR lasers on the VIPO dip, the probe
laser beam is divided into two beams with the same polarization and power. The two
probes co-propagate in another Rb cell with a spatial separation of about 1 ¢cm. The blue
laser beam is also divided into two beams with identical polarization and co-propagates
with the two probes (see the experimental set-up in Fig. 6.2 for details). One set of co-
propagating probe and blue pump beam is used as a reference for frequency calibration
of the scan of the blue pump laser. The IR control beam which counter-propagates with

only one of the probe beam, has the same polarization as the probe beam. The same
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polarization is crucial for the beating of the two fields addressing the same IR transition.
The angle between the beams is kept as minimum as possible and in addition a magnetic

shield is also used to minimize the broadening effects of the spectrum.

6.3 Theoretical model

6.3.1 The V-type system

The energy level configuration for the V-type system is shown in Fig. 6.1a. The absorp-
tion of the probe is reduced by blue pump laser due to multiple effects namely, population
transfer by the blue pump laser in a V-type atomic system [152], the coherence effect
causing EIT in a V-type atomic system [153, 154] and the optical pumping of population
[155-157] to the other ground state hyperfine level 55, /o(F = 1). These effects give rise
to Doppler-free transparency peaks of the 6P/, hyperfine levels and has been utilized

for the hyperfine measurement of the 6P, state [151].

The energy level configuration of the V-type system with VIPO at IR transition is shown
in Fig. 6.1b. The interference (or beating) of the two counter-propagating IR laser fields
(i-e., probe and control) addressing the 5S; /o(F = 2) — 5P3/5(F = 3) transition induces
a temporal modulation of population difference between the upper level 5P3/o(F = 3)
and lower level 55; 5(F = 2), a phenomenon which is called population oscillation [138-
144]. The beating frequency of the fields is 6 = —2kjv where, k; is the wavevector of
the 780 nm laser and v is the velocity of the atom in the direction of the probe. The
beat frequency is dependent on the velocity of the atom and hence the phenomenon
is called velocity induced population oscillation (VIPO) |74, 77|. The Hamiltonian, H
of the V-type system under the electric-dipole and rotating-wave approximation and in

rotating frame is expressed as

H = g{(ﬁc + Qe [1) (2] + Qpu [1) (3] = Ac [2) (2] = Apu [3) (3] + hc ), (6.1)
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FIGURE 6.2: The experimental set-up for studying the effect of detuning on the VIPO
dip in a V-type system and optical pumping system.

where 581 2(F = 2) = [1), 5Py/a(F = 3) = [2), 6P1/a(F = 1) = [3), 55 /a(F = 1) = |4},
Qp (and €2.) is the Rabi frequency of the probe (and control) laser driving the 5S; /o(F =
2) — 5P3/9(F = 3) transition and ), is the Rabi frequency of the pump laser driving
the 55 /5(F = 2) — 6Py )5(F = 1) transition. The frequency of the probe (and control)
lasers are wy, (and w.) and 6 = (wp — k1v) — (we + k1v) = —2kjv is the Doppler frequency
difference between IR probe and control beams (since these two laser fields are from the
same laser source i.e. wp = we). Ac = we — (w2 —w1) +kqo is the detuning of the 780 nm
control laser and Ap, = wpy, — (w3 — wi) — kv is the detuning of the blue pump laser
for moving atoms with velocity v along the direction of the probe laser and ks is the

wavevector of the 421 nm laser.

The atom-field interaction is described by writing the Liouville-von Neumann equation
for the density matrix
)=~ [H.p] ~ (L.} (6.2
p - h 7/0 2 ) P ) -
where p is the atomic density operator, I is the relaxation operator defined as (i|I'|j) =
Yi0ij (055 = 1if i = jand 0if ¢ # j) and ~; is the decay rate of state |i). 3 includes optical
pumping of population to the other ground hyperfine level and II, which is ground states

mixing rate [158-160]. The equations of motion for the density matrix (corresponding

to a V-type configuration given in Fig. 6.1b) is obtained by substituting Eq. 6.1 in Eq.
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6.2. The resulting equations of motion (given in Eq. A.1l) are time dependent and can

be solved using the Floquet expansion given as

p) = > pW(p)en, (6.3)

n=—oo

where pg”) (t) are the n'" harmonic amplitudes. Substitution of Eq. 6.3 in Eq. A.1 and
comparing the coefficients with same factor ™, the time dependence of the equations
of motion is removed. In the steady state condition (pE;) = 0 for all n,i and j), the

imaginary part of the zeroth harmonic pgg) and first harmonic pgl)

corresponds to the
IR pump and probe absorption respectively and all the other harmonics are for wave-

mixing [161].

6.3.2 The optical pumping system

The energy level configuration of the optical pumping system is shown in Fig. 6.1c. The
absorption of the probe driving the 5S; j5(F = 2) — 5P3/5(F = 3) transition is increased
by optical pumping of population to the upper ground hyperfine level 581/2(F =2) [155—
157] in the presence of the blue pump laser driving the 5S; /o(F = 1) — 6P o transition.
The effect gives rise to Doppler-free enhanced absorption (EA) peaks of 6P/, hyperfine

levels and again has been utilized for the hyperfine measurement of the 6P, /, state [151].

The energy level configuration of the optical pumping system with VIPO at IR transition
is shown in Fig. 6.1d. The beating of the IR probe and control laser fields on 55; /o (F =
2) = 5P3/5(F = 3) transition induces a VIPO dip on the EA peaks of the 6P /5 hyperfine
levels [74, 77]. The Hamiltonian, H of the optical pumping system under electric-dipole

and rotating-wave approximation and in the rotating frame is expressed as

H = g{(Qc + Qe [1) (2] + Qpu [4) (3] = Ac[2) (2] — Apu [3) (3] + hc ), (6.4)

where 581/2(F = 2) = ‘1>, 5P3/2(F = 3) = ’2)7 581/2(F = 1) = ‘3> and 6P1/2(F = 1) =
|4)-
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FIGURE 6.3: (a) Theoretically calculated probe absorption (ple) vs blue pump laser

detuning (A,,) for three different IR laser detuning i.e. lock-offset of IR laser. (b) The

VIPO dip position relative to the EA peaks and VIPO dip height vs IR detunings for

Q. = 27 x 10 MHz, Q,, = 27 x 6 MHz, T’y = 27 x 6 MHz, T's = 27 x 1.27 MHz, II, =

27 x 40 kHz. The linewidth of the spectrum (dip height vs IR detuning) is around
27 x2 MHz as obtained from the Lorentzian fit.

The equations of motion for the density matrix (corresponding to EA configuration given
in Fig. 6.1d) is obtained by substituting Eq. 6.4 in Eq. 6.2. The resulting equations of
motion (given in Eq. A.3) are also time dependent and can be solved using the Floquet
expansion of the density matrix element p;; given in Eq. 6.3. The absorption of the
probe laser is proportional to the imaginary part of pg;rl) and is plotted in Fig. 6.3a with

detuning of the pump laser (A,,) for various detunings of probe and control IR laser.

The VIPO dip inside the EA spectrum shifts with the IR laser detuning from the line
center of the transition. The VIPO dip shifts to the left of the line center of the EA

peak when the IR frequency is red detuned (see red trace of Fig. 6.3a when lock offset
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is -2 MHz) and shifts to the right when the IR frequency is blue detuned (see the blue
trace of Fig. 6.3a when lock offset is +2 MHz). When the IR laser frequency is locked
to resonance, the VIPO dip is symmetrical about the line center of the EA peak (see the
black trace of Fig. 6.3a). In order to quantify the shift, the spectrum is fitted with a

function given as

_(Apufém As _<Apuf/;8>2
A1+ Asge (A3) — Age (A7) R 6.5
(Apu = A4)2 + AS ( )
where A1, As, --- Ag are fit parameters. The parameters Ay, A3, A4 and A5 corresponds

to the EA peaks and Ag, A7 and Ag are for the VIPO dip. The fit parameters Ag and

Ag gives the height and position of the VIPO dip respectively.

For the numerically simulated plots, we plot the VIPO dip height (Ag) and the VIPO
dip center (Ag) vs IR laser detuning from -2 MHz to +2 MHz in steps of 200 kHz in Fig.
6.3b. The VIPO dip height is maximum for A, =0 (A, = A,) and decreases with |A.|.
The VIPO dip height (Ag) vs IR laser detuning is fitted with a Lorentzian profile whose
linewidth is found to be around 27w x2 MHz which is sub-natural. The VIPO dip position
with respect to the EA peak is shown in Fig. 6.3b with blue dots which is symmetric but
non-linear. We also see similar behavior of the VIPO dip in the case of the transparency

spectrum of V-system.

6.4 Experimental results

In this section, we study the effect of the VIPO dip with IR laser detuning. The fre-
quency of the IR laser is downshifted by around 133 MHz using AOM in the double pass
configuration and is locked to the cross-over peak F=(2,3) of the saturated absorption
spectroscopy (SAS) set-up (see set-up of Fig. 6.2). The frequency of the AOM is varied
from 2x66.0 MHz to 2x67.5 MHz in steps of 2x100 kHz around the cross-over resonance.

The linewidth of the crossover peak in the SAS set-up is around 27 x12 MHz.
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FIGURE 6.4: (a) The absorption spectra of the 6P, /5 hyperfine levels for various AOM

frequencies. (b) The corresponding analysis of the VIPO dip shift from the line center of

the absorption peak and height with the AOM frequency. The linewidth is 27 x3.8 MHz
as obtained from the Lorentzian fit.

The power of the blue pump laser used in the experiment is 10.05 mW (or peak intensity
of 208 mW /cm?). The power of the IR probe and control laser beams are 42 yW and
3.05 mW respectively (which correspond to peak intensity of 1.8 mW /cm? and 129
mW /cm?). Fig. 6.4a shows the EA spectra (for 3 AOM frequencies) which corresponds
to the optical pumping system shown in Fig. 6.1d. The VIPO dip shifts to the left
from the line center of the EA peak when the AOM frequency is 132.0 MHz (see the
red trace of Fig. 6.4a) and shifts to the right when the AOM frequency is 135.0 MHz
(see the blue trace of Fig. 6.4a). When the AOM frequency is 133.2 MHz, the VIPO
dip line center is nearly coinciding with the line center of the EA peak (see the black
trace of Fig. 6.4a). Fig. 6.4b shows a corresponding analysis of the VIPO dip shift and
height with the AOM frequency. The height of the VIPO dip is highest when the line
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precise lock point is (133.17+ 0.10) MHz as obtained from the polynomial fit of n=6.

center of the EA peak and the VIPO dip coincide (i.e. zero shift of the dip). The zero
shift of the VIPO dip corresponds to the precise lock point of the laser. The VIPO dip
height vs AOM frequency is fitted with a Lorentzian profile whose linewidth is found to
be around 27w x 3.8 MHz which is sub-natural. We observe a similar behavior for the

V-type configuration.

The precise lock point of the IR laser is determined from the plot of AOM frequency vs
VIPO dip shift in Fig. 6.5 of the Transparency and EA peaks combined. The resulting
curve is fitted to a polynomial function of sixth-order. The AOM frequency corresponding
to a VIPO dip shift of zero is obtained from the polynomial fit and is determined to be
(133.17 £0.10) MHz. This frequency represents the precise lock point of the IR laser, as
it corresponds to the resonance of IR laser on the 55, /5(F=2) — 5P35(F=3) transition.
The error in the lock point is determined from the spread of the data in the plot of
VIPO dip shift vs AOM frequency. The spread of the data is shown in the inset of Fig.
6.5, and it is fitted to a Gaussian distribution. The standard deviation of the Gaussian

distribution is taken as the error in the lock point and is found to be around 0.10 MHz.
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6.5 Conclusions

In conclusion we have presented a detailed experimental study on the effect of detuning
on VIPO dip for a Doppler mismatched double resonance at 780 nm and 421 nm in 8’Rb
that measures the shift of the VIPO dip from the line center of the transparency (or
EA) peaks. This shift is due to the lock offset of the resonantly driving laser. The VIPO
dip shift vs IR detuning is non-linear but symmetrical. The width of the line profile
for the VIPO dip height vs the IR laser detuning is sub-natural. This effect is used to
precisely determine the locking point of the IR laser on the 5S; jo(F = 2) — 5P3/(F = 3)
transition. The lock offset measurement by this method has an uncertainty of around

100 kHz which is 1/100 times the linewidth of SAS of 12 MHz.

This chapter has been published as:

Effect of detuning on velocity induced population oscillation
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Chapter 7

Conclusions and Future work

IN conclusion, the thesis reports on the theoretical and experimental studies of closed
loop multi-level systems, where EIT is dependent on the phase difference between the
electromagnetic fields forming the loop. We first described the theoretical study of a
phase-dependent EIT system in Rb using a six-level loopy ladder system involving the
Rydberg states for the phase sensitive MW or RF electrometry. This system improves
the sensitivity by two orders of magnitude and removes the drawback of the phase insen-
sitivity of the previous demonstrations on MW or RF electrometry using the Rydberg
states. Due to the Rydberg states properties, this system also has the advantage of
the large frequency range of operation ranging from radio frequency (RF), MW to tera-
hertz regime. The spatial resolution by this method is sub-wavelength Apsy/650. This
method provides a great opportunity to characterize the MW or RF electric fields com-
pletely including the propagation direction and the wavefront. The theoretical study of
the phase-dependent EIT system was then demonstrated in a closed loop double A-type
system using a Rb vapour cell at room temperature. We studied the phase-dependent
EIT (i.e., atomic coherence based interferometry) in two different configuration of a
closed loop double A-type system. The first configuration involves the excited states

with same decay rates at the 780 nm transition and the second configuration involves

109
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the excited states with different decay rates at the 780 nm and 420 nm transitions. We

observed similar behavoiur in term of the frequency response of the two systems.

From the above theoretical study in chapter 3, the sensitivity of the MW field measure-
ments can be improved by employing the cold atoms as cold atoms reduce the Doppler
effect and also minimizes the collisions and transit time dephasing effect. Taking this
into consideration, we also set up the cold atom experiments and so far we have charac-
terized the ®Rb atoms in the MOT using the 5S; o (F = 3) — 5P3/5(F = 4) broad cyclic
IR transition at 780 nm where we trap around 1.5x10® number of atoms at a typical
temperature of 500 uK. In laser cooling and trapping experiments, the temperature of
the cold atoms is sensitive to the lock point of the laser fields. The laser locking can have
an offset from the line center of the transition which depends upon the linewidth of the
transition. In order to determine the laser lock offset on a particular atomic transition,
we also present an experimental study on the effect of detuning on a velocity-induced
population oscillation (VIPO) dip. We utilized this effect to precisely determine the
locking point of the IR laser on the 5S;/5(F=2) — 5P3/5(F=3) transition. The lock
offset measurement by this method has an uncertainty of around 100 kHz which is 1/100
times the linewidth of SAS of 12 MHz.

Our future objective is to experimentally realize the theoretical study of the phase sensi-
tivity of the six-level loopy ladder system involving the Rydberg states that was desribed
in chapter 3 of the thesis. We will further utilized this study in cold atoms as the cold
atoms reduce the doppler effect, collisions, decoherence brought by transit time broad-
ening and thus improve the sensitivity of the MW field measurement. The cold atoms
prepared at 780 nm broad transition in chapter 5 are also ready to be loaded into a sec-
ond stage narrow linewidth cooling at a 420 nin open transition, where we finally realized
the lower temperature it can offer due to the doppler cooling limit. This will help create

the high phase-space density atomic cloud necessary to achieve quantum degeneracy.
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Appendix A
V-type and Optical pumping system

A.0.1 V-type system

The dynamics of the atom-field interactions for the V-type system with VIPO effect at
IR transtion is obtained from Eq. 6.1 and 6.2 which gives the following set of equations
of motion with time-dependent coefficients:

P12 :%(Qc + Qe (p11 — p22) — iQ;" P32 — V12012,
P13 :iQZPu (P11 — p33) — Y13P13 — %(Qc + 9, o3,
P1a = — iQ;u P34 — Y14P14 — %(Qc + 9, oy,

p22 Z%(Qc + Qe ) po1 — %(Q: + Qe ") 1y — Dapa,
P23 = — %(QZ + Qzeim)ﬁ)m I iQ2pu P21 — V23023,

! { * * —1
poa = — 5(Qc + Qe %) p1a — Yaapa,

P33 = — Zpu P13+ qu p31 — I'3pss, (A.1)
. iQ;;u
P34 = — B P14 — 734P34,

pas =T'34p33 + Ig(p11 — paa),

where 712 = i + 5%, 13 = 1Bpu + V5%, 114 = 15", 23 = i(Apu — Ac) +755°, Y24 =
—iDe +785%, ¥34 = —ilpy +745°, T1 =Ty = Ty and T3 = I’z + T34, 7€ = 3(Ti + )
is the decoherence rate between level |i) and |j).

The absorption of the probe field is obtained by considering the steady state solution
of Eq. A.1 to first order in the Floquet expansion. The substitution of truncated series
of Eq. 6.3 into Eq. A.1 yields a set of steady state equations of motion of the V-type

system. The pgl) density matrix element in the Floquet expansion is given as

(+1>_i9p(p§(i)—p§%)) iQ(p T — pSi)

p _ 11— P22
2 2(y12 +10) 2(v12 + 19)
. +1
— Zqupgz : (A2)
2(y12 +10)’
111
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where (pg(i) - pég)) is the saturation population inversion induces by the IR pump in the

presence of the blue pump, (pﬁl) - pgl)) is the population oscillation difference induced

by the beating of the fields on the IR transition and p:(gl) is the coherence oscillation

component. The Doppler broadened spectrum of Eq. A.2 is accounted for by thermal
averaging over all the velocities of the atoms in the vapor cell.

A.0.2 Optical pumping system

Similarly, the dynamics of the atom-field interactions for the optical pumping configura-
tion with VIPO effect at IR transtion is obtained from Eq. 6.4 and 6.2 which gives the
following set of equations of motion with time-dependent coefficients:

P12 :5(90 + Qpe &)(pll — p22) — V12P125

. i . i,
P13 = — 5(90 + 9, pos + 2p P14 — V13013,

iQp
2

P22 :§(Qc + Qpe) par — 5(90 + Qe ) p1s

Pra = — 5(96 + Qpe“”)pgz; T P13 — V14P14,

—TI'2p22,

; *

. { * * _—i0t e pu
P23 = — 5(95 + Q57" ) p13 — Y23p23 + —5 P24,

P24 = — %(Q: + Q;,e*m)pm — Y24p24 + i%pu P23,
P33 = — iQqu paz + i%;u p34 — I'spas, (A.3)
P3a = — m%(ﬂi&?) — pas) — V34P34,
Pag = — z(;;u P34+ iQ;u pa3 + Lsapss + Iy (p11 — paa),
where 712 = iAc + Y5, 113 = Y, Y14 = iDp + Y, Y3 = —iA +Y5C, Y4 =

i(Apu - Ac) + ’Ygfca Y34 = iApu + 7??267 and ’Y%’ec - %(Fz + Fj)'

The absorption of the probe field obtained by considering the steady state solution of

Eq. A.3 to first order in the Floquet expansion is given by density matrix element pgl)
as
) 0 0 . 1 1
1) _ i — p8) | it — i) Ad
P12 = ~ ; (A4)
2(12 +0) 2(y12 + i9)

The Doppler broadened spectrum of the probe, is obtained by thermal averaging of Eq.
A.4 over all the velocities of the atoms in the vapor cell.
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