Experimental Studies of
Atom-Photon Interaction with

Rydberg Atoms

A Thesis presented for the degree of

Doctor of Philosophy
by
Shovan Kanti Barik.

(Enrollment No: RRI/2017/012)

Under the guidance of
Supervisor: Dr. Sanjukta Roy
Co-Supervisor: Dr. Saptarishi Chaudhuri

|

P s

Raman Research Institute
India
February 2025






Abstract

In this thesis, we report our studies of Rydberg atom-light interactions and interac-
tions between Rydberg atoms in cold and thermal ensembles. Our studies focus on
alkali 87 Rb atom which has an energy structure similar to that of a Hydrogen atom.

Rydberg atoms [1| are highly excited atoms where one or more electrons are
excited to the orbitals far away from nucleus with large principal quantum number,
n. The excitation of atoms to the Rydberg state is performed using lasers through
single photon [2] or multi-photon excitation process. In case of single-photon ex-
citation, a single photon with sufficient energy is absorbed by the atom, exciting
an electron directly to a Rydberg state. This sufficient energy or frequency of the
photon should be equal to the energy difference between the ground state and the
Rydberg state. In a multi-photon process, multiple lower energy photons are used
sequentially to excite the atom to the Rydberg state. An atom in a Rydberg state
has very distinct properties due to the large spatial extension of its orbitals compared
to an atom in its ground state. Due to their large size, Rydberg atoms are highly
polarizable and extremely sensitive to the external electric fields. Thus Rydberg
atoms play a significant role in Quantum sensing [3,|4]. Rydberg atoms have very
long life-times compared to the atoms in their ground states. This is because the
wave-function overlap between the ground state and the Rydberg state is typically
negligibly small. In other words, the transition dipole matrix element is very weak
between these states which results in a slower decay of the Rydberg states. The long
life-times of Rydberg atoms enhances the coherence time of Quantum superposition
involving these states. The enhanced coherence time is immensely crucial for imple-
mentation of high-fidelity quantum gates |5]. Besides, long lived Rydberg states can
be used as frequency standards and precise spectroscopic measurements, which are
very useful in atomic clocks |6] to be used in navigation system and synchronization
protocols.

Due to their large dipole moments (o< n?), dipole-dipole and Van der Waals in-
teractions play important roles in influencing the behaviour and properties of the
Rydberg atomic systems especially in cold Rydberg atoms. Dipole-dipole interac-
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tion in Rydberg atoms leads to the several interesting phenomena such as Rydberg
blockade [7,[8] and collective-excitations [9]. Rydberg blockade emerges when two
Rydberg atoms are brought close together, the strong dipole-dipole interaction pre-
vents both the atoms from simultaneously going to the Rydberg state. Dipole-dipole
interaction varies as g—z, R is the inter-atomic distance between two atoms. The Van
der Waals interaction between Rydberg atoms arises when two atoms are excited to
the same Rydberg state resulting in interaction which varies as 7}%—1;. Both the effect
of Rydberg blockade and Van der Waals interactions have been utilized in quan-
tum information processing like implementation of two-qubit quantum gate [10,11],
ensemble qubits 7], Quantum memory [12] etc.

One of the convenient ways of detecting Rydberg excitation in an ensemble
of neutral atoms is to use Electromagnetically Induced Transparency (EIT) [13].
EIT is one of the striking phenomena of atom-light interactions that can lead to
dramatic changes in transmission and absorption properties of a medium. It was
first observed experimentally by Haris et al in 1991 while working with Sr atoms.
Specifically, the presence of a coupling beam makes the medium transparent to a
probe laser at a particular frequency in a three-level system. This effect arises due
to coherent interaction between coupling and probe laser with the atomic ensembles.
Rydberg Electromagnetically Induced Transparency (Rydberg EIT) [14] combines
the aspects of EIT and unique properties of Rydberg atoms, offering new possibilities
for strong, tunable light-matter interactions. Rydberg EIT has been used for RF
sensing [15,/16], slowing light [17], to name a few.

In this thesis, I start by presenting the results on a comprehensive measure-
ment of Rydberg excitation in neutral 8" Rb. Next, I shall describe the technique
of Doppler enhanced magnetometry with thermal Rydberg atoms to detect weak
magnetic fields. In conventional setup for three level ladder system Rydberg EIT,
a probe laser connecting ground state |g), intermediate state |e) and a strong cou-
pling laser connecting intermediate state, Rydberg state |r) are aligned in counter-
propagating configuration to reduce the Doppler mismatch. Here we show, on the
contrary, that one can harness Doppler shifts in a co-propagating arrangement to
produce an enhanced response to a magnetic field. In particular, I demonstrate an
order-of-magnitude enhanced splitting in the transmission spectrum as compared to
the counter-propagating case.

Thereafter I shall describe our cold atom setup. We cool and trap 8" Rb atoms in a
Magneto Optical Trap (MOT) with temperature few hundreds of micro-Kelvins. We
have performed sub-Doppler cooling to reduce the MOT cloud temperature down to
twenty of micro-Kelvin. Sub-Doppler cooling plays a crucial role in preparing ultra-
cold atoms for loading into optical dipole trap from MOT. We utilize two-photon
excitation to prepare the atoms in high Rydberg states. One important feature of
a Rydberg state is that it cannot be trapped in a MOT; rather, it will be lost from
the trap. We have performed a comprehensive study of trap-loss spectroscopy in
the time of flight measurement. Our study involves how the variation of effective
two-photon Rabi frequency and excitation time affect the atom loss from the trap.
Additionally, I shall present experimental results on Autler-Townes splitting in the
cold atom setup.

Experiments with thermal atoms: Quantum sensors based on their Quan-
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tum properties viz. interference, superposition, entanglement and squeezed states
are used to precisely measure the physical quantities. The advantage of these sensors
is that they don’t require frequent calibration since atomic properties remain the
same anywhere and anytime across the universe. Precision magnetometry has di-
verse application, including geophysics, medical imaging, material characterization,
space exploration etc. In this experiment, we utilize the aspects of EIT, in combined
with thermal Doppler shifts, to demonstrate the enhanced response to magnetic field
of thermal atoms. In a conventional three level ladder type EIT setup, a weak probe
beam(w,) is counter-propagated with a control beam (w.) to reduce the Doppler
broadening and Doppler shift of the transmission peak of probe beam. In contrast,
we demonstrate an order of magnitude enhancement of the magnetic-field response
in a copropagating arrangement for various polarizations of the two lasers, com-
pared to their counterpropagating configuration. The experimental setup is shown
in figure [1p). In this figure, red colored beam represents the probe beam (780 nm)
which split into two parts. One beam acts a probe beam and another acts as a
reference beam. Probe beam has Gaussian radius of 0.7 mm. Blue colored beam
(480 nm ) is represented as a coupling beam. A pair of counter-propagated coupling
beams are aligned with the probe beam co-axially so that one pair of probe and
coupling beam serves as co-propagating EIT configuration, while other pair serves
as counter-propagating configuration.

a) -y b) Energy

-metal shield
QWT* DM1 # DM?2 pgs1 g

Probe laser Coupling laser ] R

Figure 1: a)Experimental setup for Doppler enhanced quantum magnetometry. b)
Energy levels diagram for 87 Rb under magnetic field

A solenoid coil of 33.61 Gauss/Amp field gradient with current is used to generate
magnetic field along it’s axis (z-axis). A 8" Rb thermal vapor cell is kept along coil’s
axis to observe the effect of magnetic field on EIT transmission peak. The level
diagram for 87 Rb for this experiment is shown in figure [1p). Probe laser is scanned
across hyperfine level {55%, F=2}to {5Pg , F = 3} transition, while coupling laser
tuned from {5P%, F' =3} to {3555, F" = 2} transition. Under the magnetic field

ground state hyperfine level is Zeeman split to 5 sublevels with energy e(m%,) =
gFm%upB, B magnetic field. g% is Lande g-factor for ground state, up is Bohr
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Magneton and m¥, € {—2, ..., +2} Similarly, due to the Zeeman splitting, the excited
state {5Ps, I = 3} has 7 sub-levels with energies e(m%) = €5 + gpmuupB, €4c is
energy with respect to ground state at zero magnetic field. However, in Rydberg
manifold, a few Gauss of magnetic field is sufficient enough to decouple the angular
momentum state J = 1 from nuclear spin state I = resultlng in the Paschen-Back
effect. Because of thls effect, hyperfine levels F” = 1 and F” = 2 are combined to
give 8 sub-levels with energies e(m7, m}) = e(g,r) + Apymim’; + (gym} + gjmj)up B,
Ay is hyperfine interaction constant, €(g,r) energy reference from ground state at
zero magnetic field. After solving the Linblad master equation due to the interaction
of probe and coupling laser with these atomic levels, we derived an expression for
susceptibility(xo) as a function of probe frequency at absolute zero temperature. To
add the effect of room temperature on the susceptibility, x¢ is averaged over thermal
distribution. So, susceptibility of thermal atoms for the counter-propagation(co-
propagation) is given as

1> s
X‘ﬁ/ du e xo(Ap + Apu, Ac F Agu) 1)

with u = v /vy, Ag(c)wp(c)vT/c, and vp = \/2kgT/m, m being the mass of a 87 Rb
atom and kp the Boltzmann constant.

{+, —}(+, +) signs in eqn. []are due to the Doppler shift for counter-propagation(co-
propagation) cases.

The distinct differences between co-propagating EIT and counter-propagating
EIT are the line-width, transmission peak height and peak position of their signals.
The line-widths for counter-propagating and co-propagating cases derived as (1 F

)wge , Wye 1s line-width of two level due to lifetime of the excited state. We measure
the transmitted signal under magnetic field with different set of coupling-probe laser
polarization. In general, peak position changes linearly with magnetic field, with a
slope as

GAI,
—— & g¢%ms mi. F 2 (g%ms m'y) . 2
3(#33) grpMmp QF FT (QF F— 9y J) ( )

Cc

The excitation pathways are shown for probe and coupling laser polarization com-
binations of {¢, 07} or {o7,0"} in Fig. [I|b) So for the these circular polarization
combinations, single peak changes its position with magnetic field, with a slope given
by
oA,
(upB)

F signs are counter and co-propagation cases respectively.

For the linear-linear polarization case, each EIT peak is split into two peaks
under magnetic field. A linear polarized light is combination of two opposite circular
polarization. So, for linear-linear polarization combination of probe and coupling
lasers, two simultaneous excitation pathways of {o,07} and {o7, 0"} give rise to
splitting into two peaks. The relative splitting of two peaks with slope is derived
from eqn. [2] as

~ (1F wpfwe). 3)

oA,

nB) ~ 2(1 F wp/we). (4)



F signs are counter and co-propagation cases respectively. Thus, we have observed
that peaks for co-propagating case exhibit higher splitting rate with magnetic field
than that
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Figure 2: Top: Showing experimental data of EIT signal with magnetic field
(B) variation for {o~, 0™} polarization. a)co-propagating configuration b)counter-
propagating configuration. Bottom:peak shift with magnetic field. solid line repre-
sents theoretical predictions. Magnetic field changed from 0 to 10 Gauss

of counter-propagating case. The enhanced response for co-propagating EIT is
given as % ~ 4.2

In Fig. , the results from experiment and theroy are given for {o,07} po-
larization. The experiment and theoretical results for linear-linear polarization are
shown in figure In another experiment with the thermal atoms, we use counter-
propagating three level ladder type EIT configuration to measure the transition
frequencies of high lying Rydberg states(45 < n < 124) of 8" Rb atom. We measure
transition frequencies of n.S 1,nDs and nDs levels with respect to the {5P%, F =3}
state. Our accuracy of measurement is limited to < 2M Hz. For high lying Rydberg
states n > 81, we applied lock-in detection technique to improve the signal to noise
ratio > 10 of the Rydberg EIT signal. To measure the Rydberg states, we lock
the weak probe laser to {55%,F = 2} to {5P%’ F’ = 3} transition using LIR lock
and scan the coupling laser corresponding {5P% ,F" =3} to nS or nD states. The
intensity of the coupling beam is modulated by a mechanical chopper to generate
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lock-in signal using a lock-in amplifier (SRS850). The mechanical vibrations origi-
nating from the chopper effect the long term stability of EIT signal. Instead, we use
another lock-in detection technique where probe laser is frequency modulated and
scanned across the probe transition and coupling laser frequency is fixed at the fre-
quency measured from the first lock-in detection technique. Same lock-in amplifier
used to generate the lock-in signal.

Experiment Theory
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Figure 3: Top: showing experimental data(left)and simulations data(right) with
magnetic field . blue curve represents co-propagating EIT, green curve showing
counter-propagating EIT. Bottom: relative peak splitting with magnetic field. solid
line represents theoretical predictions

In this method, measured lock-in signal is second harmonic of the Rydberg EIT,
which is narrower than the Rydberg EIT signal. This lock-in technique is extremely
helpful in resolving higher principal number D% and Ds states. The EIT signals
corresponding to direct measurement and lock-in ampliéer detection are shown in
figure

The important outcome of this measurement is that we could address the higher
level Rydberg state accurately, using these high sensitive states RF field sensing ,
precision [19] can be performed.

vii



Experiments with cold Rydberg atoms: In our cold experiment setup,
atoms are cooled and trapped using Magneto Optical Trap (MOT), as schematic
shown in figure [5p). We can trap 3" Rb atom with 10° atom number at ~ 150
1K temperature. Cooling and repumper beams are generated from two different
External Cavity Diode Lasers (ECDL).
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Figure 4: a) EIT signal measured directly, locking the probe laser and scanning the
coupling laser. b)lock-in amplifier detection by modulating the coupling laser with
mechanical chopper. c)lock-in amplifier detection by modulating the frequency of
probe laser.

The locking of cooling and repumper frequencies is based on Saturation Ab-
sorption Spectroscopy(SAS) technique with Lock-in-Regulator(LIR) module from
Toptica. Frequency of cooling laser is red detuned by 2T" from {55 L= 2} to
{5P3 F" = 3} (Dq)transition. On the other hand, repumper laser is kept resonant
at {551 F =1} to {5Ps, F" = 2} (D1) transition. The size of atomic cloud is
measured to be ~ 400um We image the atomic cloud through fluorescence imag-
ing technique. We have two kind of fluorescence detection setup, one is imaging the
whole cloud using an EMCCD camera and other is detecting the fluorescence through
high numerical aperture (HNA) lens (see figure [fk) . We have used Avalanche
Photo-Detector (APD) to collect the fluorescence through HNA lens by coupling it
to the single mode polarization maintaining fiber. Two-photon excitation scheme,
as shown in figure ), is used to excite the trapped atoms to Rydberg states. In
this process, atom is first excited to an intermediate state by one photon and the
Rydberg excitation is performed by another photon, connecting intermediate state
to Rydberg state. We use 780 nm laser and 480 nm laser in a counter-propagation
setup for two photon Rydberg excitation, as shown in figure [bg). The 780 nm laser
is drawn from an ECDL, locked using SAS spectroscopy technique and 480 nm laser
is generated from TOPTICA SHG pro.The 780 nm laser is blue detuned by A =487
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MHz to the {55’%,}7 = 2} to {5P%,F’ = 3} transition to avoid decoherence due
to excited state {5P3 F" = 3} high decay rate. The 480 nm laser is red detuned
by same amount from {5P3 F' =3} tonS 1 transition to match the two photon
resonant condition. In this technique, if Of (22 are the rabi frequencies of these
two transitions, then effective rabi frequency of the two photon excitation scheme
is given as @. Trap loss spectroscopy |20] is one of the techniques to detect the
Rydberg atoms If an atom is excited to the Rydberg states then it will no longer be
in MOT cooling cycle, so it will not see any MOT potential, eventually be lost from
the trap. In this experiment, we have measured the trap-loss due to the Rydberg
excitation to nS 1 states. After the Rydberg excitation, the trap-loss is measured by

) nS
Two
480 nm }_Photon

........... --{-excitation
F=3

5P 780 nm
F=2

\ F=1
Repumper F'=0

Vacuum chamber L<_ COO"l’\g F=2
- - —F=1

Coupler APD
Dipole LASER

EMCCD

Figure 5: a) schematic of MOT setup and two photon excitation lasers are shown.
b)level diagram of MOT and two photon excitation scheme.It shows the excitation
from 55 1 to 5P3 using 780 nm and excitation from 5P3 to nS 1 using 480 nm laser.

¢)This ﬁgure shows fluorescence imaging setup using APD and EMCCD camera.

switching off the MOT to prevent the loading of additional atoms.

In figure [Bh), fraction of atom loss is measured at different excitation time while
keeping the effective Rabi frequency constant at different values. In figure @b),
fraction of atom loss is also measured at different detuning while keeping effective
Rabi frequency and excitation time fixed at 31 KHz, 100 ms respectively.

We have also measured the Autler-Townes spectra of three level ladder system
by using trap-loss spectroscopy, the experimental setup is same as shown in figure
The trap-loss signal is recorded by an APD kept at the fluorescence imaging path, as
shown in figure [5k). The strong MOT cooling beam (780 nm) is used to dressed the
the cooling transition {551, F = 2} to {5P;, I = 3} state. The 480 nm laser tuned
to the Rydberg state (nS 1) from {5P3 F’ = 3}, is used as probe laser for the trap-
loss measurement. The results shows that the broadening of Autler-Townes peak
at higher principal quantum number due to long range-interaction among Rydberg

ix
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Figure 6: a) showing fraction of atom loss vs different excitation time at three differ-
ent effective Rabi frequencies b)fractional atom loss measured vs different detuning
while keeping excitation time and effective Rabi frequency at 100 ms, 31 KHz re-
spectively

atoms.

Our system is also equipped to trap single atom or multi atoms. We use 850
nm laser for trapping 8" Rb atom in the dipole trap. The 850 nm laser, as shown in
figure ), is tightly focused to a diffracted limited spot size on the MOT centre by
the HNA lens (C240TME-B) to trap single atom. Dipole trap depth [21] due to the
focused beam is given as Uy = %%%, P is dipole laser power, wy is beam waist
size, A effective detuning, I, saturation Intensity. The life time of atom in a dipole
trap depends on several factors like trap depth, back-ground pressure, scattering
from dipole laser, relative intensity noise [22] of dipole laser, initial temperature
of atom. Relative intensity noise of dipole trap laser is measured by a spectrum
analyzer. For the same trap depth, reducing the initial energy of the loaded atoms
could increase the lifetime of the atoms. We have performed polarization gradient
cooling of Magneto optically trap atoms, using this technique the atomic cloud
temperature is reduced to below 25 puK

Summary and Outlook: We have carried out quantum magnetometry us-
ing 8" Rb atom using three label ladder type EIT scheme. It is shown that co-
propagation EIT scheme has an enhanced response to magnetic field compare to
counter-propagation EIT scheme in ladder type system. The enhancement depends
on the ratio of probe and coupling frequencies. We could tune the enhancement by
targeting different atomic energy levels. This measurement provides strong moti-
vation, potentially leading to important applications in quantum sensing and mag-
netometry. Another experiment with thermal atoms, we measured the transition
frequencies of high principal quantum number Rydberg states using conventional
counter-propagating three level ladder type EIT scheme. Using the results from
this experiment, we could accurately address the highly sensitive Rydberg states to
perform precision electrometry, RF field sensing. In experiments with cold atoms,
we have measured traploss spectroscopy due to Rydberg excitation using two pho-
ton excitation scheme. This measurement will help us to understand interaction
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mechanisms leading to the trap-loss. We further cool the magneto optically trapped
(MOT) atom by using polarization gradient cooling. This cooling of MOT atoms
will help us to trap the single or multiple atoms in dipole trap. Single atom is an
ideal candidate for high sensitive magnetometer [23], using an array of single atom
dipole traps, spatially resolved magnetometer can be built. Interaction controlled
multiple single-atom dipole traps are useful platform to explore quantum simula-
tion [24], quantum computation [25].

X1



Declaration of Original and Sole Authorship

I, Shovan Kanti Barik, declare that this thesis titled “ Experimental Studies
of Atom-Photon Interaction with Rydberg Atoms” and the data presented
in it are original and my own work under the supervision of Dr. Sanjukta Roy.
I confirm that the work presented here has not been submitted for the award of
any other degree, diploma, membership, associateship, fellowship, etc. of any other
university or Institute. Keeping with the general practice, due acknowledgements
have been made wherever the work described is based on other investigations. I

have also run the thesis through the Drillbit plagiarism software.

(Signature of the Supervisor)

Dr. Sanjukta Roy

xil



xiil



Certificate

This is to certify that the research presented in this thesis titled “Experimental
Studies of Atom-Photon Interaction with Rydberg Atoms”, submitted by
Shovan Kanti Barik (Enrollment no. RRI/2017/012 ) to Jawaharlal Nehru
University for the award of the degree of Doctor of Philosophy in Physical
Sciences, is the bonafide record of original research work carried out by the candidate
from July 2017- February 2025, under my guidance and supervision at Raman
Research Institute, Bengaluru, India. The results embodied in the thesis have
not been submitted to any other University or Institute for the award of any degree
or diploma.

(Signature of the Director)
Prof. Tarun Souradeep

(Signature of the Co-Supervisor)
Dr. Saptarishi Chaudhuri

X1v






Acknowledgements

[ am deeply grateful to Dr. Sanjukta Roy and Dr. Saptarishi Chaudhuri for their
unwavering mentorship and support throughout my doctoral journey. I also wish
to honor and acknowledge my late advisor, Prof. Hema Ramachandran, whose
guidance, wisdom, and unwavering support were instrumental to this work. Her
memory continues to inspire me.

Dr. Sanjukta Roy’s optimism and encouragement during my final years played
a crucial role in the completion of my thesis after the unfortunate passing of Prof.
Hema. I am also deeply grateful to Dr. Saptarishi Chaudhuri, whose steadfast
support and guidance during this difficult period were invaluable. His willingness to
intervene, provide thoughtful insight, and help me navigate the challenges that arose
ensured the continuity of my research. His mentorship extended beyond academics,
offering reassurance and motivation when I needed it the most. The time and effort
he dedicated to my progress, along with his patience and encouragement, have had a
profound impact on my journey, and I am truly grateful for his unwavering support.

[ also extend my gratitude to our collaborators, Shovan Dutta (RRI), Rejish
Nath (IISER Pune), and his students Varna, Soham, and Diya, for their valuable
contributions to the theoretical support to our experiments. I would also like to
express my gratitude to my advisory committee members, including Prof. Reji
Philip and C M Chandrashekar. I also acknowledge DST and the funding from
the -HUB Quantum Technology Foundation via the SPIKE Project Grant No. I-
HUB/SPIKE/2023-24/004.

I am grateful to Mrs. Meena Suresh, Mr. Mohamed Ibrahim for their invalu-
able assistance in designing, developing, and characterizing various electronic and
mechanical components essential to this work. I also thank all the members in li-
brary and computer section for their support. I also thank all the cooks in RMV
and Vayalikaval hostel. I sincerely thank my lab members—Silpa, Snehal, Yashica,
Sukanya, Venkat, Aishariya, Sagar da, Maheswar da, Sayari, Gourab, Anirban and
Swarnva —for their support and assistance in designing and conducting experiments.
I also thank my seniors Avik da, Rishav da, Deepak da and Bapan da for creating

XV



a friendly environment around me. I also extend thanks to my juniors Swarnadeep,
Sayan, Shoumen, Rupak, Imran, Shuvojit, soumyajit and all other friends at RRI. 1
also thank my friends Argha, Sandipan, Shuvra, Reshma, Simran for their support
and motivation in hard times.

Finally I am deeply grateful to my parents for their unwavering support, sacri-
fices, throughout the journey. Their unconditional love, encouragement and guid-
ance have been the source of my success.

Shovan Kanti Barik.

Xvi



List of publications

1. “Transition frequency measurement of highly excited Rydberg states of 8" Rb
for a wide range of principal quantum numbers”, Silpa B S, Shovan Kanti
Barik, Saptarishi Chaudhuri, and Sanjukta Roy, Optics Continuum 1 (5),
1176-1192(2022). doi: https://doi.org/10.1364/OPTCON.458153.

2. “Quantum Technologies with Rydberg atoms”, Shovan Kanti Barik, Aish-
warya Thakur, Yashica Jindal, Silpa B S and Sanjukta Roy, Frontiers in Quan-
tum Science and Technology 3 1426216 (2024).

3. “Doppler-enhanced quantum magnetometry with thermal Rydberg atoms”,
Shovan Kanti Barik, BS Silpa, M Venkat Ramana, Shovan Dutta, and San-
jukta Roy. New Journal of Physics, 26 (7):073036, 2024.

4. “Observation of effects of inter-atomic interaction on Autler-Townes splitting
in cold Rydberg atoms”, Silpa B S, Shovan Kanti Barik, Varna Shenoy, Soham
Chandak, Rejish Nath and Sanjukta Roy (Manuscript in preparation).

5. “Rydberg excitation mediated trap-loss in cold atoms”, Shovan Kanti Barik,
Yashica Jindal, Silpa B S, Varna Shenoy, Soham Chandak, Rejish Nath and
Sanjukta Roy (Manuscript in preparation).

Student Supervisor Co-Supervisor

Xvil






Contents

[_Abstractl ii
[__Declaration | xii
[ Certificatel xiv
[ Acknowledgements| XV
[ List of Figures| xxi
L__List of Tables| XXX
L__Dedicationl xXXxi
1__Introductionl 1

(L1 Structure of the thesisl . . . . . .. ... .. o oo 5
2 Basics of Atom-Light Interactions| 7

[2.1 Phenomena of atom-photon interactions| . . . . . .. ... ... ... 7

[2.1.1  Semi-classical theory Electromagnetically Induced Transparency |

| ETT)| . o oo oo e e 7

Xviil



[2.1.2  Electromagnetically Induced Transparency (EIT) and Autler- |

| Townes splitting (ATS) in the dressed state picture| . . . . . . 15
2.2 Rydberg atoms| . . . . . . ... oo 17
[2.2.1  Litetime of Rydberg atoms|. . . . . . .. ... ... ... ... 19

[2.2.2  Interactions between Rydberg atoms| . . . . .. ... ... .. 22

[2.2.3  Rydberg Blockade|. . . . . . . ... ... ... 0. 25

2.3 Conclusionl. . . . . . . . . 27

[3 Absolute transition frequency measurement of high lying Rydberg |
| states using Electromagnetically Induced Transparency| 28
[3.1 Experimental setup| . . . . . . .. ... ..o 29
8.2 TLock-in Detectionl . . . . . . . .. ... L 33
3.3 Results and discussion| . . . . . . . . ... .o Lo 34
B.4  Conclusionl. . . . . . . . . oL 36

[4  Doppler-Enhanced Quantum-Magnetometry using Rydberg atoms |
| at room-temperature| 37
4.1 Interaction with external magnetic fields . . . . .. ... ... ... . 38
[4.1.1  Weak-field Zeeman eftect of Hyperfine state|f . . . . . . .. .. 38

[4.1.2  Strong-field Zeeman eftect| . . . . . . .. ... ... 39

“4.1.3 Intermediate-field Zeeman effectl . . . . . ... ... ... ... 39

(4.2 Experimental Setup|. . . . . .. ... Lo 41
4.3  Theoretical Modell. . . . . . . .. . ..o oo 44
4.4  Results and Discussionl . . . . . . . . .. Lo 47
M.b  Conclusionl. . . . . . .. Lo 54

[>  Experimental setup for cooling and trapping atoms| 56
[5.1 Trapping and cooling of " Rb atom| . . . . . . . . ... .. ... ... 57
[5.1.1 Principle of Magneto-Optical Trap (MOT)| . . . . . .. .. .. 57

[>.1.2  Experimental setup of the MOT|. . . . . .. ... ... .. .. 59

[>.1.3  Fluorescence Detection setup| . . . . . . ... ... ... ... 64

b.1.4 Characterization of the MOI| . . . ... ... ... ... ... 65

Xix



[>.2  Far-oft resonance Dipole Trap|. . . . . . ... ... ... ... .. .. 7

[6 Probing of Rydberg interaction using Autler-Townes splitting| 86

6.1 Experimental setup| . . . . . .. ... ... oo 87
6.2 Results and discussion| . . . . . . . . ..o 88
(0.3 Summary| . . . . ... e 91

[7  Rydberg-excitation mediated trap-loss spectroscopy| 92
(7.1 Experimental setup| . . . . . .. ... ... oo 93
11 Excitationlased . . . . . ... ... ... ... ... ... ... 93

T2 Resulfsl. . . . . . o oo 99
[7.2.1 Trap loss versus excitation time |. . . . . . . . .. ... .. .. 100

[7.2.2  Trap loss versus Rabi frequency| . . . . . . ... ... ... .. 101

(7.2.3 Trap loss versus detuningl . . . . . . ... ... ... ... .. 103

[7.2.4  Discussion and Summary|. . . . . . . .. ... ... 103

[8  Summary and future Perspective] 106
8.1 Summary| . . . . . ... 106
[8.2  Future perspectivel . . . . . . ... 108

[A Switching circuit for MOT coils| 110
[A.1 IGBT switching circuit| . . . . . .. ... ... ... ... ... ... 110

[ Appendix| 110
(B Cooling and Repumper SAS| 112
[C Simulation for other polarizations of probe and coupling laser| 114

XX






List of Figures

a)Experimental setup for Doppler enhanced quantum magnetometry.

b) Energy levels diagram for ®' Rb under magnetic field | . . . . . . . .

Top: Showing experimental data of EI'T signal with magnetic field

(B) variation for {o—,0"} polarization. a)co-propagating configu-

ration b)counter-propagating configuration. Bottom:peak shift with

magnetic field. solid line represents theoretical predictions. Magnetic

field changed from 0 to 10 Gauss| . . . . . . . .. . ... ... ....

Top: showing experimental data(left)and simulations data(right) with

magnetic field . blue curve represents co-propagating EIT, green

curve showing counter-propagating EI'T. Bottom: relative peak split-

ting with magnetic field. solid line represents theoretical predictions| .

a) EIT signal measured directly, locking the probe laser and scanning

the coupling laser. b)lock-in amplifier detection by modulating the

coupling laser with mechanical chopper. c)lock-in amplifier detection

by modulating the trequency of probe laser. | . . . . . . . ... .. ..

xx1



a) schematic of MOT setup and two photon excitation lasers are

shown. b)level diagram of MOT and two photon excitation scheme.lt

shows the excitation from 55% to SP% using 780 nm and excitation

from 5P% tonS L using 480 nm laser. ¢)This figure shows fluorescence

imaging setup using APD and EMCCD camera. . . . . ... .. ...

6

a) showing fraction of atom loss vs different excitation time at three

different effective Rabi frequencies b)fractional atom loss measured

vs different detuning while keeping excitation time and effective Rabi

trequency at 100 ms, 31 KHz respectively | . . . .. .. ... ... ..

R

a) Lambda system b) V-system c¢) Ladder system; w,: probe laser;

w.: coupling laser. | . . . . . . ... ... oo

2.2

a) EIT due to the destructive quantum interference between transition

pathways (1) and (2), it is explained in bare atomic state picture. b)

EI'T is explained in the dressed state basis.| . . . . . . ... ... ...

16

B3

ATS eftect, lett: probe and coupling lasers are shown, right: ATS

effect explained in dressed state picture.| . . . . . . ... ... . ...

P!

Rydberg atom| . . . . . . . . ...

5

Probability density of electron [ = 0 (blue line) and [ = 4 (orange

line), vertical line represents the core size. | . . . . . . . . . ... ...

B.6

Energy levels of ®" Rb, the value of principal quantum number (n) is

varied from 6 to 80, and the [ ranges from O too. |. . . . . . . . . ..

|2.7

Transition rate from 305% to n'’ P%’ s states. Red-colored bars repre-

sent the transition rates due to the spontaneous emission and green-

colored bars represent the transition rates due to the BBER.| . . . ..

P8

Mechanism of resonant dipole-dipole interaction| . . . . . . . . . . ..

[2.10 Super atom model due to the Rydberg blockade. Red colored point

represents the Rydberg atom and blue colored points represent the

ground state atoms.|. . . . . ... oL

Xx11

25



pII

This figure shows the mechanism of Rydberg blockade. When the

atom B is inside the blockade radius (Rp), the excited state (|r)) of

atom B undergoes a shift of V,4,(R) = %. However at long distance
B

R >> Rpg, the shift is zero and both the atom can be simultaneously

excited, | . . . ..

B1

Vapor cell EI'T" setup used for the transition frequency measurements.|

29

B2

a) shows EIT signal by locking the probe laser and scanning the cou-

pling laser. b) represents the lock-in signal measured by modulating

the coupling beam, in this case probe laser is locked and coupling

is scanned. c) shows the second harmonic of EIT signal measured

by modulating the probe laser frequency, in this case probe laser is

scanned and coupling laser is fixed near the resonance| . . . . . . ..

13.3

SAS signal and typical second harmonic of EI'T" signal recorded si-

multaneously. |. . . . . . . Lo

B

a)Fine structure splittings of D-levels b) shows the lock-in signals of

EIT for 46D,55D and 88D levels.| . . . . . . ... ... ... .. ...

A1

Schematic diagram of the Experimental setup. The red colored beam

represents the probe beam (780 nm). The blue colored beam (480

nm ) represents the coupling beam. PBS: Polarising Beam Splitter;

DM: Dichoric Mirror; HWP: Halt Wave Plate; QWP: Quarter Wave

Plate; M: Mirror | . . . . . . .. . . ...

12

a) Shows the magnetic field variation along its axis. The same is

measured at different coil currents. The origin (0 point in the graph)

started from one side of the coil. b) it shows the average magnetic

field vs the coil current (see text). | . . . . . . .. ... L.

A3

Doppler shitt of an atom with velocity v with respect probe and cou-

pling beam|. . . . . . ...

xx1il



I

a) Black line represents the imaginary part of zero-temperature sus-

ceptibility at A, = 2MHz and 0" — o~ polarization, dotted curve

shows the imaginary part of susceptibility without coupling beam,

vertical line represents the two-photon resonance condition for zero-

temperature, A, = —A., where X, = 2Neag/(£0E,) = 2 x 107*.

b) Imaginary part of thermally averaged susceptibility y = x9°¢ —

with A. = —51 MHz, vertical lines corresponding to the two-photon

resonant condition, A, = FA* where A* = “2A.. ¢) Describes

the zero temperature difterence susceptibility Yo, corresponding to

a narrow EIT window, green (blue) line represents the thermal av-

eraged counter-propagating (co-propagating) peak as A, = FA*.

d) Contribution of different velocities to the susceptibility xo(v) :=

Xo(A, +wyv/e, A, Fww/c), for A, = —10 MHz at A, = FA* (solid

lines) and at A, = FA*/2|. . . . ... oo

15

Measurements (left) and simulations (right) of the peak strength vs

coupling laser power for x — x polarizations. Green color curve rep-

resents the counter-propagating and blue color curve represents the

co-propagating EI'T. | . . . . ... ... ... ... ... .. ...

16

Measurements (left) and simulation (right),green curve represents

counter configuration EIT and blue curve represents co-propagation

configuration EIT.| . . .. ... ... ... ... ... .........

a7

Energy-level diagram showing the ground manifold {55}, F' = 2},

the excited manifold {5Ps/, F' = 3}, and the Rydberg manifold

{35512, I = 3/2} of ®'Rb in the presence of a magnetic field. The red

and blue arrows denote coherent pumping by the probe and coupling

lasers, respectively, for 0= polarizations. The dashed lines represent

incoherent decay of the excited states back to the ground manitold.| .

XX1V

20



4.8 Top: Measurements showing the variation ot the EIT signal with 5 |

for 07-0" polarizations and A. = —36 MHz for (a) copropagating |

and (b) counter-propagating lasers. Vertical lines show the predicted |

peak locations at A,(B) given by Eq. (4.17)). Bottom: Displacement |

of the fitted peaks with 5. Solid lines show theoretical predictions.| . 52

4.9 Top: Measurements (left) and simulations (right) for increasing B |

with A, = —36 MHz and 2-z polarizations. As before, green and |

blue curves stand for counter- and copropagating cases. Vertical lines |

show A, (£B) from Eq. (4.19)[ . . . . . ... ... ... 54

5.1 a) The Mechanism of the MOT shown for /' = 0 and F' = 1 total |

angular momentum states. The Zeeman splitting ot the F levels 1s |

also shown. T'wo counter-propagated circular polarized laser beams of |

opposite helicity are used create a magnto-optical force for trapping |

atoms. b) showing the design of the MOT where the three pairs |

of counter-propagated beams with correct circular polarization are |

aligned so that they intersect at the center where magnetic field is zero.| 58

(5.2 Dodecagon vacuum chmaber with twelve view ports, high numerical |

aperture lens system built inside 1t. | . . . . ... ... 59

[>.3  Vacuum chamber used for our experiment| . . . . .. .. .. ... .. 60

|5.4 Energy level diagram of ®'Rb D2 line, 55 1 ground state, 5S3 : |

excited statel . . . .. L. 61

|5.5 Cooling laser setup for the MOT. %: HWP, %: QWP, PBS: Polarizing |

Beam Splitter, M: mirror, BS: Beam Splitter, AOM: Acousto Optic |

Modulator, L: lens | . . . . . . ... ... oo 62

|5.6 Repump laser system for the MOT. %: HWP, PBS: Polarizing Beam |

Splitter, BS: Beam Splitter, M: mirror, AOM : Acousto Optic Mod- |

ulator . . . ., 63

[5.7 Fluorescence imaging setup, L1: lens with focal length 15 cm, L2: |

lens with focal length 15 cm, L3: lens with focal length 7.5 cm. x,y |

represent the MO'T" cooling beams| . . . . . . ... ... ... ... .. 64

XXV



[>.8 Typical image of the atomic cloud in the MOT" recorded with an

EMCCD camera. The values along the x and y axes are pixel numbers

of the EMCCD camerald. . . . . . . . .. . ...

5.9 o* vs 7° plot to determine the MOT atom cloud temperature.| . . . .

[5.10 Optical pumping in the presence of " polarized light | . . . . . . ..

[5.11 1) standing wave for linear parallel-parallel polarization, (see Eqn.(5.9)).

2) Polarization gradient for Sisyphus cooling, see(Eqn.(5.10)). 3)

Standing wave for MASE cooling, see Eqn.(5.11). 4) Polarization

gradient for corkscrew cooling mechanism, see Eqn.(5.12) | . . . . ..

[5.12 a) Zeeman sub-level structure of an atom with ground state F, =

1/2 and excited state F, = 3/2, coupling strength proportional to

the square of the Clebsh-Gordon coeflicient of that transition. b)

Light shifts of ground states due to the polarization gradient. The

polarization gradient is set as it is mentioned in [5.11R). | . . . . . . .

[0.13 Clebsh-Gordon coeflicients and transition pathways for J, = 1 and

[5.14 Time sequence of sub-Doppler cooling: the ‘5" denotes that detuning

reduced in one step, the ‘R’ denotes that the intensity is reduced step

Q7

by step. In the stage, cooling intensity remains the same and in

the ‘R’ stage cooling detuning remains the same.|. . . . . . . . . . ..

[5.15 Temperature of the atoms vs detuning (—d/I') of the cooling beams

during the sub-Doppler cooling phase. The detuning is changed in

one step in the *S’ stage and is kept at the same value during the ‘R’

state. The detuning in the MO'l" loading phase is kept at —2I"|. . . .

[5.16 o* vs 7° plot at sub-Doppler cooling stage. | . . . ... .. ... ...

7

[5.17 a) light-shift for two level system b) 3D visualization of dipole potential.| 79

[5.18 Trap depth of the optical dipole trap as a function of the trapping

laser power| . . . . ... 80
[5.19 Schematic of the setup for single atom trapping. L1 and L2: HNA |
lenses placed inside the vacuum chamber, DM: Dichroic mirror, M: |
Mirror, HWP: Halt Wave Plate, PBS: Polarizing Beam Splitter, | . . . 81

XXV



[5.20 The red colored line shows the relative intensity noise ot the dipole |

[ trap. The detector noise is represented by the blue colored line| . . . 83

[5.21 litetime as a function initial energy. Beam waist is kept at 2 ym. | . . 84

6.1 a) Experimental setup used to probe the inter-atomic interaction be- |

| tween Rydberg atoms using trap-loss spectroscopy. b) Energy-level |

[ diagram for the measurement of Autler-Townes spectra.|. . . . . . .. 87

|6.2 Autler-Townes spectra of {355 1 } Rydberg state, Q' is generalized |

[ Rabi frequency. Y-scale defined as normalized atom number in the |

| MOT. Two dips in Autler-Townes spectra corresponding to |+) and |

| |—) dressed states. The generalized Rabi frequency is set around |

[ OV =2m x 21 MHz.| . . . . . . . 88

(6.3 a) Experimental measurements of the Autler-Townes splitting for var- |

| ious principal quantum numbers. b) Theoretically estimated Autler- |

| Townes spectra for the same set of principal quantum numbers.| . . . 89

6.4 Energy diagram for the Autler-Townes splitting of ®"Rbl . . . . . . . . 90

6.5 (a) Linewidth of the red-detuned and blue-detuned peaks of the Autler- |

| Townes spectra vs n. (b) Dephasing rate vs n, obtained by optimizing |

| Binary Cross-Entropy loss tunction.| . . . . . . . ... ... ... ... 91

[7.1 Schematic for frequency shifting of the 780 nm laser. HWP1, HWP2, |
[ HWP3: Halt wave plate, QWP1: Quarter wave plate, AOM: Acousto |
| Optic Modulator, PBS1, PBS2: Polarizing Beam Splitter, M1, M2, |

| M3: mirror, SAS: Saturation Absorption Spectroscopy, L1 and L2: |

[7.2  Schematic of the 480 nm laser utilized for frequency shifting and |
| switching on/off of the laser. HWP1, HWP2, HWP3 : Half Wave |
| Plate, QWP: Quarter Wave Plate. PB51, PBS2, PBS3: Polarizing |
| Beam Splitter. L1 and L1: lens with focal length 10 cm. AOM: |

| Acousto Optic Modulator. | . . . ... ... ... ... ... .. 95

[7.3  'T'wo-photon excitation scheme, A, is detuning ot the laser from the |

| transition to the intermediate state {5Ps, F" =3}/ . . .. ... ... 96

XXVvil



[7.4  Schematic of the setup used for Rydberg excitation. For imaging

setup: see chapter|2 L3: A-coated lens used for tocusing the 480 nm

laser. X,Y: MOT cooling beam (Z MOT beam is not shown in the

(7.5 IGBT switching circuit| . . . . .. ... ... ... .. ... ... ...

[7.6  Time sequence of the Rydberg excitation using LabVIEW. . . . . ..

T Fracion of ] T Tion Time FxGianon D ™ l

from 1 ms to 600 ms. a)effective Rabi frequency fixed at 2w x 11.75

kHz. b)Rabi frequency of 27 x 20.36 kHz. c)Rabi frequency of 27 x

31.11 kHz. The measurements are shown for n = 485, n = 685

and n = 785 Rydberg states represented by the solid red-colored

circles, the solid green-colored rectangles, and the solid green-colored

triangles, respectively. | . . . . ... oo o000

[7.8 Fraction of trap loss at various Rabi frequencies. a) at excitation

time of 100 ms. b)excitation time of 200 ms. c) at excitation time of

400 ms. The measurements tor n = 48, n = 68 and n = 78 Rydberg

states are represented by the solid red-colored circles, the solid green-

colored rectangles, and the solid green-colored triangles, respectively.

(7.9 Trap loss vs two photon detuning: the solid red-colored points rep-

resent the data for 485, the solid green-colored circles represent data

for 685 state and the blue-colored triangles represent 785 state| . . .

[7.10 Trap loss versus principal quantum number ‘n’ of the Rydberg state.

The two-photon eftective Rabi frequency is fixed at 27 x 11.75 kHz

and excitation time is kept at 400 ms.|. . . . . . ...

[A.1 IGBT switching circuit| . . . . . . ... ... ... .. ... ... ...

105

[B.1 Cooling manifold of ®"Rb atom, dotted arrows are cross-over transi-

tlons. | . . . . s

B.2 Repump manifold of ®'Rb, dotted arrows are used to indicate cross-

xxviil



IC.1

Steady-state difference susceptibility with A, = —36 MHz for o -

x (left) and z-o™ (right) polarizations. For o'-x the peak follows

A,(B) from Eq. (4.19). For z-0" the dominant peak follows A,(—B);

the other line is obtained from Eq. (4.18) with (m%, mS%,m’) =

(—1,—2,1/2) for counterpropagating (green) and (0, 1, —1/2) for co-

propagating (blue) geometries. | . . . . . . ...

[C2

Steady-state difference susceptibility with A, = —36 MHz for 7-7

(left) and 7-z (right) polarizations. For both counterpropagating

(green) and copropagating (blue) cases the vertical lines tracking the

peaks are obtained from Eq. (4.18]) with (m%., m%, m’;) = (0,0, £1/2)

116

XXIX






List of Tables

[3.1 Values of the quantum detects.|. . . . . . . . ... ... ... ... .. 36
|4.1 weak-field Zeeman splitting of |55 1 F= 2>| ............... 40
|4.2 Weak-field Zeeman splitting of |5P% , FF = 3) per unit Gauss of mag-

netic fieldl . . . . ... 41
|4.3 Strong-field Zeeman effect of 355 1 state | ................ 41
|(C.1 Coupling laser power P, used in different plots| . . . . . .. ... .. 116

XXX






Dedication

DEDICATED TO MY BELOVED PARENTS, WHOSE LOVE AND SUPPORT HAVE BEEN
MY GUIDING LIGHT.

XxXX1






CHAPTER 1

Introduction

The advancement in atomic physics began after the invention of the laser in 1960s. A
lot of technological development has happened since then. In present times, atomic
physics is the front-runner for the development of the state-of-the-art technologies.
With rising abilities to control many-body atomic systems and their internal states,
it will be interesting to see what kind of breakthrough awaits us in the near future.
Atomic physics has applications in a wide range of fields including time-keeping [26],
GPS [27], quantum sensing [28,29], quantum information [30-32], astrophysics [33]
and many more.

Rydberg atoms [34] are one of the most important candidates in atomic physics
that are pushing the boundaries in the development of cutting-edge quantum tech-
nologies [35]. It was first formulated by Johannes Rydberg in 1890 following the
observation of hydrogen spectral line by Angstrom. Rydberg atoms are highly ex-
cited atoms with the outer electron excited to states with large principal quantum
number. As the electrons are loosely bound to the nucleus, the Rydberg atom
shows some unique properties like large size, high dipole moment (o< n?), strong
dipole-dipole interactions (o< nt), large polarizability (o o< n”) and long lifetime.

Significant progress in the field of Rydberg physics started in 1970s and 1980s,



driven by the introduction of narrow linewidth lasers and innovative methods to
cool and trap atoms. The current directions of research with Rydberg atoms are
mainly catergorised into three areas: quantum computing, quantum sensing, quan-
tum simulation of many-body physics and quantum optics.

The Rydberg states have long lifetimes and small transition probabilities to the
ground state, which results in reducing the decay of optical photons from highly-
excited Rydberg states. That is why atoms in Rydberg states are very difficult to
detect by using direct fluorescence spectroscopy. However, the ionization threshold
energy of Rydberg states decreases at higher Rydberg states, so it is easy to ionize
the atoms in Rydberg states by static electric field. The electrons and ions created
by field ionization can be detected by micro channel plates (MCP).

Another way of detecting Rydberg atoms is based on Electromagnetically In-
duced Transparency (EIT) [36], in the presence of a strong coupling beam, the
previously optically opaque medium becomes transparent to the probe beam and a
narrow peak of probe transmission is observed. The discovery of EIT has added a
new dimension in the field of quantum sensing. As the polarizability of Rydberg
atoms are very high, a feeble electric field can perturb the EIT signal significantly.
EIT can be employed to detect AC, DC and RF electric fields [18]. Here, I will
explain in simple ways how the EIT scheme can be used to detect electric fields.
The EIT peak will be split into two Autler Towns (ATS) peaks in the presence of
nearby resonant RF field, and the distance between the two peaks is equal to the
Rabi frequency (Af = @) of the atomic transition due to the external RF field, d
is dipole moment of the transition. From the peak separation Autler-Townes split-
ting signal, the amplitude of the RF field can be determined. This technique works
for a wide range of frequencies from MHz to a few THz. The off-resonant fields like
DC or low frequency AC fields cause shifts in the EIT peak positions, which is also
called Stark effect. The field strength can be determined from the Stark shifts. If
E' is the electric field amplitude, then the Stark shift of the EIT signal peak due
to the off-resonant field is Ay = —QTEQ, a being the polarizability of the Rydberg

state. The electric field can be generated by inserting two parallel plates inside a

vapor cell |18] and connecting the plates to an AC or a DC power supply. If ‘d’ is

2



the distance between the two parallel plates then F = —%, V' is the voltage. So the
applied voltage can be determined from the Stark shift as both are related via the
following equation, V = d\/? .

Another important application of Rydberg atoms is terahertz (THz) imaging
[37-39]. The terahertz spectrum lies from wavelengths of 1 mm to 30 pum in the
electromagnetic spectrum. The principle of terahertz imaging is to transfer the
population from the ground state to a Rydberg state by using a laser and a THz
field ( two-photon Raman process) so that the atom emits optical fluorescence from
the final Rydberg state. The photon emission rate is proportional to the intensity
of the THz and the laser field. An EMCCD camera can be used to image the
fluorescence from the atoms. The motivation behind terahertz imaging is that THz
frequency can penetrate into non-metalic substance (plastic, cloth, etc.), so it can
be used as an alternative to X-ray based imaging in airport security, crack detection,
and many other similar applications.

All the methods I have explained above involve multiple photons. However,
Rydberg atom-based sensors can detect even a single photon. Single-photon-level
detection was pioneered by Serge Haroche who along with his team performed a
quantum non-demolition measurement [40] to detect the single photon without de-
stroying it. In this method, the Rydberg atom is prepared in a superposition of two
Rydberg states (highly sensitive circular Rydberg states) by applying light pulses,
then the atom passes through the cavity and interacts with the off-resonant photon,
creating a shift in the energy levels. If the interaction time is 7 and the energy shift
of any state is 0F, then the phase shift is 0 £.7. If there are more photons in the
cavity then the energy shift will be more due to the off-resonant interaction, hence
more phase shift will occur. Finally, the phase shift is measured by the Ramsey in-
terferometer. In short, the photon numbers are determined by measuring the phase
shift. Since no photons are absorbed or destroyed in the process, it is called a non-
demolition measurement. For more detailed information about the measurement,
please refer to [40]. For the ground-breaking work, Serge Haroche was awarded the
Nobel prize in 2012.

Rydberg atoms are important candidates for quantum simulation and quan-

3



tum information processing. Quantum simulation [41] acts as a synthetic platform
that mimics the simplest versions of the real-world complex systems. To perform
quantum simulation, we need the control of individual atoms, their distances and
interactions among them. For the last two decades, there have been a significant
advancement in technology to trap single atoms in multiple arrays and optical lat-
tices. The introduction of Digital mirror device (DMD) [42//43] and spatial light
Modulator (SLM) [44] has simplified the generation of multiple arrays and control
of individual distances between them. Since the Rydberg atom has a large dipole
moment, two types of strong inter-atomic interactions exist between Rydberg atoms:
one is dipole-dipole interaction (%) and the other is Van der Waals interaction (£2).
Another important feature of Rydberg atom interaction is Rydberg blockade [8], it is
an effect that is explained as the presence of a Rydberg atom prevents the Rydberg
excitation of the second atom if it is within a certain distance from the Rydberg
atom, called the ‘Blockade radius’. By exciting the individually trapped atoms to
the Rydberg states, different kinds of spin models, such as Ising spin [45], XY spin
models [46] have been studied.

Qubits are the building blocks for quantum information processing and quantum
computing. The superposition of atomic states is mapped as a qubit state. Trapping
neutral atoms in optical tweezers and tuning Rydberg interactions, high-fidelity
quantum gates have been achieved [47,48].

In this thesis, I present the experiments performed on Rydberg atoms in vapor
cell at room temperature as well as cold atoms in a magneto-optical trap. We use
Rydberg Electromagnetically Induced Transparency (EIT) spectroscopy to measure
the transition frequencies of high lying Rydberg states. We also perform Quantum
Magnetometry using EIT spectroscopy of Rydberg atoms. The Autler-Townes Split-
ting (ATS) spectroscopy is used to measure the Van der Waals interaction mediated
dephasing in cold Rydberg atoms. We also conduct Rydberg excitation by using

two-photon excitation to study the losses of Rydberg atoms from the trap.



1.1 Structure of the thesis
I will outline here the flow of the thesis chapter by chapter:

e Chapter

In this chapter, I describe the basics of atom-photon interactions that result
in different coherent phenomena such as EIT and ATS. I also discuss the

properties of Rydberg atoms and their different types of interactions.

e Chapter

This chapter includes measurements conducted using EIT spectroscopy in the
vapor cell to determine the transition frequencies of the highly excited Rydberg

states for a wide range of principal quantum numbers.

e Chapter

This chapter covers Doppler-Enhanced Quantum Magnetometry with Rydberg
atoms. We measure the response of Rydberg EIT signal of a three-level ladder
type system to an external magnetic field in a counter and co-propagating
configuration. We find an enhanced response to the magnetic field in the co-
propagating configuration. We explain our measurements using theoretical

modelling and simulations based on Lindblad master equation.

e Chapter

In this chapter, I have described our cold atom experimental setup and ex-
plained different cooling mechanisms to reduce the temperature of the atoms
using Doppler as well as sub-Doppler cooling. I also describe the detection
techniques for various measurements on cold atoms. I also explain the mech-

anism of trapping single atom in optical tweezers.

e Chapter [0]

In this chapter, we measure the effect of Rydberg interactions by using Autler-

Townes splitting (ATS) spectroscopy in cold atoms.

e Chapter



This chapter covers the effects of Rydberg excitation in cold atoms. We mea-

sure the trap loss due to the Rydberg excitation in a cold atomic ensemble.

e Chapter [§] This chapter summarizes the experiments performed in the thesis
and outlines the future plans and experiments to be performed with the current

experimental setup.



CHAPTER 2

Basics of Atom-Light Interactions

This chapter describes the different processes emerging as a result of atom-photon
interactions, dipole-dipole interactions to get a sense of the underlying physics of

the experiments discussed in the later part of the thesis.

2.1 Phenomena of atom-photon interactions

The topic of atom-photon interaction encompasses a wide range of phenomena
like spontaneous emission, stimulated emission, Electromagnetically Induced Trans-
parency (EIT), Autler Townes Splitting (ATS), AC stark effect, Lamb shift etc. In
this chapter, I will discuss only those phenomena involving atom-light interaction

which are relevant to the experiments performed in this thesis.

2.1.1 Semi-classical theory Electromagnetically Induced Trans-

parency (EIT)

Electromagnetically Induced transparency is a quantum interference phenomenon
where a medium generally absorbent to a particular probe light, turns into an op-

tically transparent medium upon the application of another strong light, called the

7



coupling laser. So minimum three levels of an atom are required to observe the EIT
effect. Depending on the three-level structure, the EIT schemes are divided into
three groups:

i) Lambda scheme: In this configuration, see Fig{2.1h), two energy levels are
lower (|1), |2)) and there is a third upper level (|3)). A weak probe light is connected
from one lower level to the upper level while the coupling light is associated with

another lower level and the upper level as shown in Fig[2.1h).

a) b) c)
3
13> 13y
|

13)
|2) ———
wc wc 2> wc
w
Pl 12) Wy wp
1) 1) 1)

Figure 2.1: a) Lambda system b) V-system c¢) Ladder system; w,: probe laser; w.:
coupling laser.

ii) V-system scheme: The V-system consists of two upper levels (|2), |3)) and
one ground level (|1)). The configuration of the weak probe beam and the strong
coupling beam is shown in the Figl2.Ip).

iii) Cascade or Ladder system: In this configuration, the three energy lev-
els are sequenced in a ladder-style configuration (see Fig) ). The probe laser
makes the transition from the ground state (|1)) to the intermediate state (|2)) and
the coupling laser couples from the intermediate to the excited state (|3)). In this
chapter, I will discuss the semi-classical theory of the ladder-type system as our

experiments are based on Rydberg EIT in a three-level ladder-type atomic system.



Semi-classical approach: We follow Lindblad Master equation [49] to obtain
the expression for complex susceptibility at EIT condition, the density matrix equa-

tion for driven-dissipative system is given as,

W0 1H, ) + S on(harnt - Sk o)) 2.1)
po is the density matrix, Ly is the projection operator (|i)(j|) describing the tran-
sition from |[j) to |i), 7% is the decay rate, k denotes all the decay channels. The
atomic Hamiltonian for the three-level bare states is given by:

Hy = hwr|[1)(1] + hw|2) (2] + hws|3) (3]
The interaction of the atom with light is treated semi-classically, so the interaction

Hamiltonian is, H; = -d.E, d is the dipole moment, E is the electric field.

Hy= Y |n)(n|dE[m)(m| = dunEpum|n)(m| (2.2)

m,n=1,2,3

E,m is the electric field conecting |n) and |m) states.
The probe electric field is given by Eyo = E9 = E,cos(w,t) and the coupling electric
field Fa3 = E3y = E.cos(w.t). Putting these electric field values in Eqgn. (2.2), the

interaction Hamiltonian can be written as,

Q) Aoy 4
:TH “ B (et e 2) (3] + e (2.3)

Hi 5

(e™#! + e P [1)(2] + c.c +

Qo = d”hEp is the probe Rabi frequency and €225 = dLhF“ is the coupling Rabi

frequency. Hence, the total Hamiltonian is given by:

H=H,+ H; (2.4)

Since the Hamiltonian (H) is time-dependent, it is difficult to solve. This Hamilto-
nian is also called the Lab frame Hamiltonian. I label this Hamiltonian as H;,, =
H. To extract the time-averaged dynamics of this interaction Hamiltonian, a co-

rotational transformation has to be done with transformation U = e~ @rt2)(2l—i(wptwe)t3)(3]



So the Hamiltonian in the rotational frame is given by

oU
H,o = ihEUT + UHpU' (2.5)

Here are the basic tools used for doing co-rotational transformation,

ciwtle)el — Z(z‘wﬂe)(el)” =T+ (e — 1)|e){e| (2.6)
n=0
S0,
eiwt|e)(e|’€> = e™t|e) (2.7)
and
eiwt|e)<e|’g> = |g) (2.8)

Using Baker-Campbell-Hausdorff formula, U = e~ ®»t2)Cl=ilwptwe)tl3) Gl can be writ-
ten as,

U = e—iwntl2)(2] p=ilwptwe)t|3)(3| (2.9)

Let us consider the “UH ., U™ part of Eqn.. The diagonal elements are obtained

using Eqn. [2.612.9) as:

Uhuwn [1) (LU = heon[1)(1], Uhws|2) (2|U" = hws|2)(2], Uhws|3)(3]UT = huws|3) (3]
(2.10)
Off-diagonal terms or interaction part of UH,U' (using Eqn. 2.9):
UG (et + e ) [1) 2UT
_ eiwpt|2)(2\ei(wp+wc)t\3)<3|&;Q(eiwpt et )| 1) (2]t 2 gmilwp o)) 3]

= M2 (1 4 e=20%)|1)(2], 2w, term is neglected using rotating wave approximation.

W, . h
U= (e + e 2IUT = = =) (2.11)
Similarly,
s, A 22
U= (e 4 e 2)BIUT = = 712)(3] (2.12)

10



So, from Eqn.[2.10} [2.11] [2.12]

R R
UHpapU" = haon[1)(1] + Fua|2) (2] + heos|3) (3] + =7 [1)(2] + = = [2)(1]
R hQ
5 1206+ )Rl (2.13)
From Eqn[2.5]
L oU
maﬂhrﬂ%mm—m%+%mwﬂ (2.14)
Combining the Eqn.[2.13|and Eqn. [2.14
hdys
Hyor = heon 1) (1] = (wp — w2)[2)(2] = Alwy + we — w3)[3) (3] + —=[1)(2[+
R R R
1]+ 2R3+ 23 (215)

If we shift the atomic energy scale to fw;I, the new Hamiltonian can be written as

H = H,p — 1.
= — 8,221 — (2 + A [3) 3]+ 210 20+ 2201+ 212) (3] + 2 }3) (2] (2.16)

Here, the probe Rabi frequency is £219=2;=(), and

the coupling Rabi frequency is €293=C235=.. h is omitted as it will be canceled in
Linblad equation [2.1]

Decay matrices: For three-level ladder type system, there exist two channels, one
from the excited state (|3)) with decay rate 3 and other from the intermediate state
(12)) with decay rate 7,.

From Egn.[2.]] the decay part for k=3 and k=2 is given as follows:

For excited state:

k=3, represents the decay channel of the excited state. v5(|2)(3]5]3)(2|—3{|3)(2(2)|(3|, 5})

= 73{Pa3]2) (2| — %(531|3><1| + p13|1) (3| 4 p32|3) (2] 4 p23|2) (3] 4+ 2p33]3) (3]) } (2.17)

For intermediate state:

11



k=2, represents the decay channel from the intermediate state. v2(]|1)(2|p|2)(1]| —

{12)(11)2], 5})

(Y223 + Y3P23)
2

(V3P32 + Y2032)
2

= apml2)(2) — 3 el 1)(2] - 3)(2] - 2)(3] (2.18)

pij is the density matrix in the rotational frame. Since the ground state is a highly

metastable state, the decay from the ground state ; = 0.

Decay matrix from Fgn.[2.17and is given as,

Y2p22 —%ﬁm —l;ﬁls
Laccay(P) = | =Lpo1 V3P3s — V2Po2 — 252 pos
15531 —(73—?2),532 —73033

From Egn)2.16| the time-independent Hamiltonian matrix is given as,

0 Q 0

. 119, —2A Q.

H==-|" ? (2.19)
210 Q. —2(0,+A)

The Lindblad equation from [2.1]is written as,
op N .
o —i[H, p] + Laecay(p) (2.20)
pui P12 P13

where, o= | o1 a2 pos
P31 P32 P33
The Lindblad equation [2.20] can be solved numerically or analytically.
Analytical solution:
Weak probe approximation is used to solve the FEgn. analytically. In this ap-
proach, it is assumed that €, < ., so p11 = 1, pee ~ 0 and ps3 ~ 0.
By taking the individual terms from the FEgn. [2.1] we get the following coupled

equations:

12



Opa1 _ Opi, Q 5,

=P () — iAot + o (s — pr1) — - 2.21
ot ot (Y21 — i) P21 + i 7 (P22 — p11) — 1 7 P31 ( )
dp31 i3 : ~ S Ay
I AL A G, i r 2.22
It ot {31 — (A + A)} o1 — i 5 P21+ 5 P32 ( )
Opss  Ofs Qe Q.
_ - _ —A, e - -2 2.23
ot ot (732 — iAc) P32 + 1 5 (P33 — Poa) +1i 5 P31 ( )
dpn - £ ~
_ B N 2.24
5 = 122 —ig (P21 — P12) (2.24)
0p . B Q, _ Q. .
2 V3P33 — V2paz — i—= (P12 — Pa1) — i— (P32 — P23) (2.25)
ot 2 2
Ops3 Qe - N
ZFos _ _p0%¢ —_ — 2.26
ot ? 5 (st P32) V3033 ( )
Where, 7;; = 222, Now, according to the weak-probe approximation, pi; = 1,

P22 ~ 0, p33 =~ 0.

So, in the steady state [50], the Eqn. (2.23) becomes:

Qp 5
LA 2.27
2(732 - lAc) pat ( )

Since the pgo term is o< €2, so the psy term in equatio will be neglected. The
equation and can be written as,

P32 R 1

op s Q Qe

§z1 = — (721 — 1A}) o1 — 2717 i P (2.28)
% . _ Qe
B = = =i, + A))par — i3 (2.20)

So Egn. [2.28 and [2.29 is a system of coupled equations and can be written as,

Y = Mz + ¢ and it could be solved as x = —M ~'c in the steady state, M ! is the
inverse of the M matrix. The solution of Eqns and is,

iQp
Po1 = — z 2 : (2.30)
(21 =18) + o=t 7 a
2Qp
P31 = — 1 . (2.31)

(1 — i28,) (. — i(8, + A0)) + 5

13



Since the above solution is time-independent as it is in the co-rotational frame, after
reverse transformation of p = UTpU, the coherence will be oscillating with the laser
frequency.

Analytical form of the susceptibility:

If P is the macroscopic dipole moment per unit volume, then P = N < p >, N is
the number of atoms per unit volume and < p > is the average dipole moment for

a single atom.

P =N <p>=NTr(pd) = N(piada1 + pa1diz + pazdsz + psadas) (2.32)

if x is the susceptibility of the probe light (w,), then

P = ¢xFE (2.33)

where E = E,cos(wpt)

From Eqn.[2.32] [2.33]and [2.30], the expression of complex susceptibility for the probe

light is evaluated as,

2N |d21|2 5
S b 2.34
X0 (Wp) cohC, P12 ( )
2N |dy |2 iLJ
— 2.
6()th 02 ( 35)

(a1 +98p) + ot ay

Imaginary part of the susceptibility:
The imaginary part of equation [2.35| gives the absorption properties of the medium.

EIT will happen at the two-photon resonance condition, so A, + A, = 0. The Eqgn.
becomes,

2N |dyy |2 2
Xolwp) = M5 (2.36)
hlly (o1 +i0, + £5)

Imaginary part of the susceptibility is expressed as,

14



N|d21 |2 'VEITQp
I = 2.
m(XO(Wp)) EOth (Ag + ’Y%‘[T) ( 37)

QQ

YEIT = VY21 + ﬁ; (2.38)

2.1.2 Electromagnetically Induced Transparency (EIT) and
Autler-Townes splitting (ATS) in the dressed state

picture

In this section, I will discuss EIT [51./52] and ATS effects in an intuitive way while the
last section is devoted to describing EIT in a mathematical basis. EIT occurs due to
the destructive quantum interference between the transition pathways between two
states. In a bare state picture for three-level ladder-type system, the two possible
transition pathways that destructively interfere are [1) — |2) and |1) — |2) — [3) —
2), as shown in Fig[2.2h).

The phenomenon of EIT is best understood in the dressed-state picture: the
eigenstates of the time-independent Hamiltonian (Eqgn. are the dressed states
and they are basically the linear superposition of the bare atomic states. The eigen-
values and eigenstates of the Hamiltonian (Eqgn. can be calculated analytically.

—Apt/AZ102+02

2 )

At two-photon resonance, A, + A, = 0, the eigenvalues are 0 and
and the corresponding eigenstates are |0) and |£) respectively. Using the weak-
probe approximation, 2, << €., the eigenstates become |0) = |1) and |£) = %
The |0) state is called the ‘dark state’ as it has zero eigenvalue. For weak-probe
approximation the dark state is basically the ground state.

In the dressed state picture, the transition pathways will be |0) — |+) and
|0) — |—), and the amplitudes of transition probability will destructively interfere
only if the separation between the two dressed states (|+)) is less than the line-widths

of the dressed states, as shown in Fig.). So the total transition probability
amplitude is (0]d|+) + (0|d|—) = 0, d is the dipole operator.
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Atomic bare state Dressed state

picture picture
a 13) b)
+)
=)
2)
(1) (2)
1) 10)

Figure 2.2: a) EIT due to the destructive quantum interference between transition
pathways (1) and (2), it is explained in bare atomic state picture. b) EIT is explained
in the dressed state basis.

A i3> A A |0>
2, probe
AC A |2> |+>
Q
coupling |—)
1)

Figure 2.3: ATS effect, left: probe and coupling lasers are shown, right: ATS effect
explained in dressed state picture.

ATS is another coherent phenomenon that is observed under the strong coupling
regime, {2, >> 79, 75 is the decay rate from the intermediate state for the three-level
ladder-type atomic system. Let us consider again three-level ladder system but this
time the coupling laser is used for the |1) — |2) transition and the weak probe laser
is tuned to the |2) — |3) transition. In the strong coupling regime, . >> v, and
weak probe approximation {2, >> (2, the separation between the two dressed states
(|%£)) is caused by the AC stark effect and it is expressed as 1/Q2 + AZ. Under the
weak probe approximation, dressed states are |£) = mi'? and |0) = |3), see Flgl
Since the dressed state spacing is more than their W1dths, the doublet structure of

ATS can be observed while scanning the probe laser.

16



2.2 Rydberg atoms

Rydberg atoms [34] (Figl2.4) are highly excited atoms where one electron is excited
to states with high principal quantum number (n > 10). Rydberg atoms were
first discovered [53] by Johanes R. Rydberg in 1890. The first quantum theoretical
description of atomic energy levels emerged from Bohr’s atomic model (1911) of the

Hydrogen atom, where energy of each level is described as

R
E, = —n—g (2.39)
R, is the reduced mass corrected Rydberg constant and it is given as R, = ﬁ%ﬂj\i,

meet

Tomsoagss Me 18 the mass of the electron, M is atomic mass of nucleus
Teeqh

where R, =
and ‘n’ is the principal quantum number. However, the Egn. [2.39| is specifically

applied to the Hydrogen atom (Z=1).

Figure 2.4: Rydberg atom

For the Hydrogen like system (37 Rb, Z > 1) where one valence electron is outside
the core region (see Fig, the Eqn. needs modification as electrons with
orbital angular momentum quantum number [ < 3 penetrate and polarize the Rb
core giving rise to an effect called quantum defect [54,55]. In Fig. the probability
density of electrons for the orbital angular momentum quantum numbers [ = 0 and

[ = 4 (for n = 20) is shown. The probability density of electrons for [ = 0 state
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inside the core region is more than that of [ = 4 state. As a result of interactions
with the core, the energy of the low orbital states (I < 3) is depressed compared to
the energy of the same orbital angular momentum quantum number in Hydrogen
atom. So the modified binding energy for Hydrogen-like atom is given as,
R
Ey=—"— 2.40

J (TL o 5nlj>2 ( )
j is the total angular momentum and d,,; is the quantum defect. The quantum
defect of any |n, [, j) state is parametrized as,

0. 04

CETALRS .. (2.41)

5an =0 + (n — 50)2

The above equation is often called the Rydberg-Ritz formula. For higher ‘n’; the

first two terms are enough to calculate the energy.

S S S
—— |nlj=15,0,1/2>

—— |nlj=15,4,9/2> |
0.010 B
R.=2.08 (ao)

0.008 B
100025,
.00020

% 0.006F 100015 —
i r ﬂ .00010

0004 | .00005 B

[ .0000% i ) 3 7y
0.002+ B
0.000 b
L L L | L L L I L L L | L L L | L
0 200 400 600 800

Distance from the nucleus in terms of r (ap)

Figure 2.5: Probability density of electron [ = 0 (blue line) and | = 4 (orange line),
vertical line represents the core size.

Fig illustrates the energy levels of 8" Rb atom with orbital quantum numbers
from [ = 0 to 5. The principal quantum number ‘n’ is varied from 6 to 80. It is
evident that for [ > 3, the effect of quantum defects is negligible, so the energies of
the [ = 4 and | = 5 states are almost identical. Since the electron in the Rydberg

atom is located at far distance from the core, it is loosely bound to the nucleus. Due
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to this, the Rydberg atom exhibits exaggerated properties such as high polarizability
[56], a large dipole moment ,, strong dipole-dipole interaction ,, and
extended lifetime . Some important advantages of atom-based sensors are their
stability and self-calibrating capabilities which means it doesn’t require any external
calibration. The properties of the atoms will be the same irrespective of the place
and time. Due to their high polarizability, Rydberg atoms are highly responsive to

weak external electric fields, making them excellent candidates for quantum sensing

and high precision measurements 74].
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Figure 2.6: Energy levels of 8" Rb, the value of principal quantum number (n) is
varied from 6 to 80, and the [ ranges from 0 to 5.

2.2.1 Lifetime of Rydberg atoms

One of the important properties of the Rydberg atoms is that it has longer lifetime
than that of the ground states. The main contributions to the lifetime come from
the two types of decay processes: one is spontaneous decay and the other is Black-
Body Radiation (BBR) induced depopulation. The spontaneous decay rate between

nL and n'L’ states can be estimated using the Einstein A(nL — n'L’) coefficient,
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which is given as,

A(nL —n'L') = MR%L —n'L) (2.42)

3c3(2L + 1) ' '
Where w,, is the angular transition frequency between nL and n'L’ states, L,,q. 18
the maximum value of L and L', R(nL — n’L’) is the radial component of transition

dipole matrix, ¢ is the velocity of light. So the total decay to all n'L’ states due to

the spontaneous emission is written as,

Lapon = Y _ A(nL — n'L'). (2.43)
n'L/
From Eqn.[2.42] it is clear that the spontaneous decay rate depends on the two fac-
tors: one is the transition frequency between the states where the decay is occurring
and the other is the transition dipole matrix. As the ‘n’ increases, the overlap be-
tween the ground state and the Rydberg state decreases, making the relative decay
to the ground states weaker. However, one would think that since the transition
matrix element between the adjacent Rydberg states is oc n?, the decay to the closer
Rydberg states might be strong but that is not the case as the number of vacuum
modes causing spontaneous decay in the terahertz and microwave regions reduces
fast.
The BBR~induced depopulation rate depends on the average number of photons
per mode at temperature ‘“T’. The average number of photons for BBR radiation is
given as,

[ — (2.44)

e k8T — 1

So the total depopulation rate from nL state to other n'L’ states is written as,
Tppr=» A(nL —n'L')ng. (2.45)
n'L’

The decay due to the spontaneous transition mostly populates the ground or lower
excited states, so the effective contribution of n’ will be around the ground or

lower excited states. However, the BBR-induced depopulation can populate lower
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or higher excited Rydberg states, significant contribution comes from n’ = n + 1
states. Fig. shows the transition rate from 30S1 to n’P. and n/Ps states due
2 2 2

to spontaneous emission and BBR~induced depopulation, it is clear from the figure
that the transition rate due to spontaneous emission is high in lower excited states
(5P%7%, 6P%7%, 7P%7%), but the transition rate due to BBR is high in nearby Rydberg
states which are 29P1 s and 30P, 5. Figures , , and are generated using
the ARC library in Python [75]. The transition rates in Fig[2.7 were calculated by
the authors in Ref. [76].

The total decay resulting from the spontaneous and BBR-induced decays can be

expressed as their sum. So, from Egn. [2.43] and [2.45] the total decay is,

1

Tlifetime

1—‘total = = Fspon + FBBR- (246)

Here, Tyifetime is the effective lifetime of the atom in a Rydberg state. It is

0707010 ) L S s e e |

Emm Spontaneous decays
17500F B Black-body induced transitions_:
15000 ]
12500H ]
100002— _

Transition rate (s71)

T
1

750011 :
5000} I ” :
2500} | :

OE5 Illloln'fs"**i)***‘f'sljj 0 4

40
Principal quantum number, n'Py 3

Figure 2.7: Transition rate from 305 1 to n' Py 13 states. Red-colored bars represent
the transition rates due to the spontaneous emission and green-colored bars represent
the transition rates due to the BBR.

clear from Eqn. that effective lifetime depends on the radial component of the
transition matrix element. It is calculated by various numerical methods for
Alkali atoms. The authors in the Ref. calculated the lifetime of Rydberg states
for different atoms using quasi-classical approach. They found that the lifetime due
to radiative decay varies as,
To = Tsngff. (2.47)
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They also deduced BBR-induced lifetime which can be written in parametrized form

as,
1 A 214
== . (2.48)
Teer  Mipp exXp(3157808B/ng;  T) — 1
So effective lifetime after combining the Egn. and becomes,
Tlifetime = To + TBBR (2.49)

The values of 74, §, A, B, C and D for various atomic species can be found in the

Ref. |76].

2.2.2 Interactions between Rydberg atoms

In this section, I will discuss the interactions between Rydberg atoms and the result
of their interactions. If the two Rydberg atoms are separated by a distance (R)
more than the Le Roy radius then their wave functions will not overlap, the Le Roy
radius [7§] for the two atoms having |nq,l;, m1) and |ng, ls, ms) states respectively

is given as,

Rir = 2(\/(”1, Li,malr?ng, L, ma) + \/<n2, lo, ma|r2|ng, la, ma)). (2.50)

The interaction potential [79] in this case can be written as,

(2.51)

For ¢ = 1 and g = 2, the interaction potential becomes the Coulomb charge-charge
potential and charge-dipole interaction, respectively. So the terms corresponding to
g = 1 and g = 2 will be zero for neutral atoms. For ¢ = 3, the interaction potential
is the result of dipole-dipole interaction.

Let us consider an atom having a dipole moment dy (w), which oscillates at an
angular frequency w. Classically, an oscillating dipole moment radiates an electric
field. Let us denote the electric field generated by the first atom as El(w, r,t), then

this electric field interacts with the other atom which has dipole moment d. So the
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dipole-dipole interaction between the two atoms is E; (w,r, t).d;.

Quantum mechanically, the dipole-dipole interactions occur by exchanging vir-
tual photons. For interactions between Rydberg atoms with n = 55, the interatomic
distance R =~ 10 pm and the wavelength () of the photons or radiation is around
~ 1 mm, so the interacting dipoles can be thought of as static in the R << A limit.

The potential operator due the dipole-dipole interaction can be written as,

. 1 didy _(dy.R)(dy.R)

Vi R | (2.52)

41eg

Let us consider two atoms initially in the Rydberg pair states |r,r), and dipole-
coupled to the |r’, ") states. The energy defect between the final (|7, ")) and initial
states (|r,r)) is Ay v = B + E.» — 2E,, this energy defect is also called ‘Forster

defect’. The interaction Hamiltonian on pair state basis ({|r,r), [r,7”}) is given as,
(2.53)

Where, V(R) = (r,r|Va_a|t”, 7).
Ar/ - /A2, ,,+V(R)2
The eigenvalues of the Hamiltonian (2.53)) is A = — . .

Figure 2.8: Mechanism of resonant dipole-dipole interaction

° V(R) >> Ar/ﬂn//
In this scenario , the energies of the eigen-states are A = £V (R), and so
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energy shift of the |r, r) pair state due to the interaction with |/, ") pair state
is V(R), and V(R)  (d;.ds)/R3. Since, d; o< n?, the energy shift (V(R))
scales as % For A,/ ,» = 0, the interaction results to resonant dipole-dipole
interaction.

The interaction mechanism is shown in the Figf2.8, The first atom in |r)
state releases one virtual photon and decays to |r’) state. The emitted virtual
photon is then absorbed by the second atom and excited to |r”) state. As a

result of resonant dipole-dipole interaction, atoms are redistributed to the new

Rydberg states.

Ar/ﬂw >> V(R)
In this regime ,, the eigen values are \; = A, ru—l— A and Ay = V@&

The interaction energy scales as A"—sﬁ. If the mteractlon 1nvolves the neigh-

1 R

borhood states then A,/ . n~3. So this kind of off-resonant interaction scales

as this is called Van der Waals interaction, off-resonant as A,/ ,» # 0.

RG’

Figf2.9 shows the mechanism in this type of interaction.

A )
,r,/’,r.// I

Figure 2.9: Van der Waals interaction mechanism

The second atom absorbs the virtual photon after it is emitted by the first atom.

Since the energy defect A,/ ,» # 0, the second atom will not be excited to the |r”)

state rather to a virtual state. The second atom then instantly releases the virtual

photon and returns to the |r) state. The first atom absorbs the virtual photon and

returns to the |r) state, as a result there is no distribution of atomic states. This is

24



a second-order process, as the virtual photon is exchanged twice. The energy shift

_ GCe

of |r,r) states in this interaction is often represented as Vi4.,(R) = 3§, the sign of

Cs can be positive (repulsive interaction) or negative (attractive interaction).

2.2.3 Rydberg Blockade

Rydberg blockade , appears as a consequence of the dipole-dipole or Van der
Waals interaction. Here I try to explain first the Rydberg blockade using two atoms
and then extend the explanation to multiple atoms. From the previous section, the

energy shift of |r,r) pair state due to the Van der Waals interaction is calculated

as Vogw(R) = %. So if one atom (atom A in Figl2.11) is excited to the Rydberg

state |r) then the energy shift of other atom’s (atom B) Rydberg state |r) varies

as <&, For strong interaction, V,4,(R) is greater than the linewidth of |r) state,

which results in prohibiting excitation of the second atom, this is known as Rydberg

blockade. If 2
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Figure 2.10: Super atom model due to the Rydberg blockade. Red colored point
represents the Rydberg atom and blue colored points represent the ground state
atoms.

be the Rabi frequency between |g) and |r) states and I, is the dephasing rate of
the Rydberg state |r). For Q > T, the condition for Blockade [82}[84] is

Cs|

6l _ ha. (2.54)
Ry,
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Rp is the blockade radius and it is expressed as Rp = (£8)5.

When there are multiple atoms (V) inside the blockade radius, then only one
atom will be excited to the Rydberg state and the excitation of other atoms will be
suppressed. The multi-atomic wave function of the atoms inside the blockade radius
can be written as |R.y) = \/LN Yoilo1, 92,93, mis . gN) || and the ground state
wave function is |G) = |g1, g2, 93, - - -, gn). All atoms within the blockade radius (Rp)

Vvdw (R)

Atom A Atom B Atom B

:RB

» R >> Rp

Figure 2.11: This figure shows the mechanism of Rydberg blockade. When the atom

B is inside the blockade radius (Rp), the excited state (|r)) of atom B undergoes a

shift of Vg (R) = R%‘i. However at long distance R >> Rp, the shift is zero and
B

both the atom can be simultaneously excited.

collectively act as a single atom that effectively has two energy levels; the collective
system is called a super atom. The effective Rabi frequency of the superatom is
written as Q.rr = (Reou|Hi|G) = V/NQ. Hj is total interaction Hamiltonian of the
collective system. A superatom with enhanced coupling plays crucial role in efficient
single photon generation [86], quantum information processing and many more.
Fig. shows the pictorial representation of superatom ,.
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2.3 Conclusion

In this chapter, I have discussed Electromagnetically Induced Transparency and
Autler-Townes splitting. The experiments described in this thesis utilizes these two
phenomena for excitation to Rydberg states. I have also explained the Rydberg atom
and it’s distinctive properties. Strong dipole-dipole interactions between Rydberg
atoms play an important role in quantum information processing, quantum sensing

and Quantum simulation of many-body physics.

27






CHAPTER 3

Absolute transition frequency measurement of high lying
Rydberg states using Electromagnetically Induced

Transparency

To utilize the strong dipole-dipole interactions in Rydberg atoms and perform quan-
tum sensing [35] using Rydberg atoms with high principal quantum number, it is
essential to have the knowledge of the absolute transition frequencies of high-lying
Rydberg states. In this chapter, I have shown the results on absolute transition
frequency measurements of nS% and nDj/s5/2 Rydberg states of " Rb atom for a
wide range of the principal quantum numbers n = 45 — 124. The accuracy of the
measurement is < 2 MHz. We also extract the values of the quantum defects for
nS and nD states from the transition frequencies. We employ Electromagnetically
Induced Transparency (EIT) scheme in a three-level ladder-type system for the mea-
surement of transition frequencies. As discussed in chapter [2| EIT occurs due to the
destructive quantum interference between the two transition pathways. We observe
that for principal quantum numbers n > 80, the signal to noise ratio (SNR) of the
EIT signal is less than 10. We use two kinds of lock-in detection technique in order

to improve the SNR of the EIT signal. In the next section, I will discuss the results
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of the experiment and also give the technical description of the lock-in detection

scheme used in our setup.

3.1 Experimental setup

Fig[3.1] shows the schematic of our experimental setup. For three-level EIT scheme,
two types of lasers are generally required: one is the probe laser and the other is the
coupling laser. Probe laser is sourced from an External Cavity Diode Laser (ECDL,
DL100 from Toptica) and it’s frequency is tuned to the {55%, F=2}— {5P%, F' =

3} transition, with a wavelength of 780 nm.

Figure 3.1: Vapor cell EIT setup used for the transition frequency measurements.

The coupling laser is obtained from a different tunable laser (TA-SHG pro from
Toptica) and its frequency is tuned to {5P% , F' = 3} — nl, with a wavelength of 480
nm. This laser system works on the principle of second harmonic generation with
master seed laser 960 nm and final output after the second harmonic generation is
480 nm. Since the coupling laser is tuned from 5P% fine structure state, the final
Rydberg states (nl) where the transition can occur are nS and nD. So we can
only measure the transition frequencies of nS and nD states with respect to the

{5Pg, F’ = 3} state in this experiment.
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After the optical isolator (not shown in Fig, the laser beam of wavelength
780 nm is divided into two parts using a polarizing beam splitter (PBS1) and a
half-wave plate (HWP): one part is sent to the saturation absorption spectroscopy
(SAS) setup, and the other part is used as a probe laser. The probe laser is aligned
through the vapor cell of length 10 cm using a dichroic mirror (DM1) and the FWHM
diameter of the probe laser beam is 0.8 mm.

The coupling laser beam (480 nm) is split into two parts by using a PBS (PBS3)
and a HWP: one part is sent to the wavelength meter for monitoring the fre-
quency and the other part is overlapped with the probe laser beam in the counter-
propagating direction using a dichroic mirror (DM2) to reduce the Doppler shift.
The diameter of the coupling beam is 0.7 mm. The frequencies of the coupling beam
(480 nm) and the and seed laser beam (960 nm) are monitored using a commer-
cial wavelength meter from Highfinesse (model Highfinesse WS8-2) with an abso-
lute accuracy of 2 MHz (frequency resolution of 200 kHz). The wavelength meter
is placed in a thermally insulated box to reduce drift due to the external ther-
mal fluctuation. We calibrate the wavelength meter using the laser locked to the
{55%, F=2—5P;, F' = 3} transition with a linewidth of ~ 400 kHz.

To measure the absolute transition frequencies to the Rydberg states, first the
probe laser is locked to the {5S%F =2} — {5P%, F’ = 3} transition using saturation
absorption spectroscopy technique. Then we record the Rydberg EIT signal by
scanning the master laser (960 nm) of the TA-SHG pro laser, effectively scanning the
coupling laser, and simultaneously recording the frequency on a wavelength meter.
The transition frequency is determined by fitting the EIT signal using the pseodo-
voigt function, as shown in Fig[3.2h. In this way, we could measure the transition
frequencies upto ‘n’=80. The Signal to Noise Ratio (SNR) of the Rydberg EIT signal
for Rydberg states with ‘n’; 80 is less than ten, making it challenging to fit the data
and calculate the transition frequencies. So we use lock-in detection technique to
enhance the SNR of the EIT signal. We use two kinds of lock-in detection technique:
one is modulating the coupling intensity using a mechanical chopper and the other
is modulating the frequency of the probe laser.

Fig.) represents the lock-in EIT signal of 50Ds Rydberg state measured
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using modulating the intensity of coupling laser. In this case, the probe laser is
locked to the {5S%F =2} — {5P%,F/ = 3} transition and the coupling laser is
scanned across the resonance of the nl Rydberg state. One disadvantage of this
method is that the mechanical noise from the chopper wheel impacts the long-term
stability of the experimental system.

Another lock-in technique we use involves modulating the frequency of the probe
laser. In this case, the coupling frequency is fixed near the transition frequency mea-
sured by previous methods and the probe laser is scanned across the D2 transition
of 8" Rb with a modulation frequency of 4 kHz. For lock-in detection, we utilize

the digital Lock-in Amplifier model SR-850 from Stanford Research Systems. The
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Figure 3.2: a) shows EIT signal by locking the probe laser and scanning the coupling
laser. b) represents the lock-in signal measured by modulating the coupling beam,
in this case probe laser is locked and coupling is scanned. c¢) shows the second
harmonic of EIT signal measured by modulating the probe laser frequency, in this
case probe laser is scanned and coupling laser is fixed near the resonance.

advantage of this method is that the frequency modulation is done via modulating
the voltage given to the piezo of the the diffraction grating of the External Cavity
Diode Laser (ECDL), making it free from mechanical vibration. Additionally, we
are detecting the second harmonics (basically second derivative of the EIT signal)
of the EIT signal, making it narrower than the original EIT signal, which helps

reducing the error during the curve fitting for transition frequency estimation.

31



Fig.) illustrates the lock-in signal of 50Dg state detected using the probe
frequency modulation technique. Each signal represents the average of 100 mea-
surements. We first record both the Rydberg EIT and the Saturation Absorption
Spectroscopy (SAS) signals. After averaging the signals, we convert to the frequency
scale by finding the peak-to-peak distance of the SAS peaks and referencing their

previously reported peak separation in frequency, as shown in Fig[3.3]

—— SAS spectroscopy signal —— Lock-in signal
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Figure 3.3: SAS signal and typical second harmonic of EIT signal recorded simul-
taneously.

We measure the peak-to-peak frequency (A,) separation by fitting the {55 3 F=
2} — {5P3, F" = 3} SAS peak and the averaged lock-in signal. For a three-level
ladder-type system in a counter-propagating arrangement, the Doppler shift arises
due to the wave-vector mismatch between the probe (w,) and the coupling (w.)
beams, disrupting the two-photon resonance condition (discussed in more detail in

chapte. Two-photon resonance will happen at the coupling detuning of,

A, =—22n, (3.1)

Wp

Finally, we correct the shift (A.) in the coupling frequency recorded with a wave-

length meter.
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3.2 Lock-in Detection

Lock-in detection is an effective technique that allows us to measure signals buried
under the noise. It is a very useful technique to enhance the SNR of the noisy signals.
It is achieved by first modulating the signal of interest with a specific frequency
(reference frequency) and then the modulated signal is connected to a phase-sensitive
detector (lock-in amplifier, model SR-850). The input modulated signal is multiplied
with a reference signal inside the lock-in amplifier using a mixer circuit. Here, the
reference signal is a sine or a cosine signal with the same modulation frequency
generated from any signal generator which is used to modulate the signal. After
that, the mixed signal is passed through a low-pass filter to filter out the high
frequency components of the signals including the noise.

We generally use an external signal generator, whose output is connected to the
external modulation connector located in the Lock-in Regulator (LIR~-110 module) of
the laser controller electronics rack of the Toptica DL-100 laser system. Here, we will
provide a mathematical description of the lock-in detection technique, specifically
the lock-in detection using the modulation of the probe frequency. Let us consider
I(w,) as the signal, w, the angular frequency of the probe, €, to be the modulation
frequency and ‘A’ be the modulation amplitude. The typical modulation frequency
for our case is set to ~ 4 kHz. The frequency-modulated signal is written as I(w, +

AsinQ,t). Using Taylor expansion around wy,

I(wp + Asin(Qut +0)) + N(t) = N(t) + I(p) + Asin(Qet +0) .,

dw
+A2$in2(9mt +0) d*I |
2 dw?“?

N(t) denotes the noise in the signal. Since we are detecting the second harmonic of

the Rydberg EIT signal, modulated signal will be multiplied by cos(2€,,t + ¢) term

33



in the mixer circuit.

{I(w, + Asin(Q,t +0)) + N(t)} x cos(2Q,,t + ¢) = N(t) x cos(2Q,,t + )

1
+1(w,) X cos(2Q,,t + @) + Asin(Q,,t + 0)3—|wp X co8(2Qmt + ¢)+
w

A?2sin®(Qut + 0) d*T
2 dw?

|, X cO5(2Qt + @) + ...

The low-pass filter removes all the high-frequency components, including the noise,
: - - 2 g2
leaving only the DC component as the output. The lock-in output is AT%M
(see Fig., so in this technique we detect the second derivative of the Rydberg
EIT signal. (20 — ¢) is the phase difference between the signal and the reference

signal. The lock-in output can be maximized by adjusting the phase difference.

3.3 Results and discussion

Rydberg atoms resemble hydrogen-atom-like energy scaling. So energy [34,89] of

the |n, [, j) states relative to the ionization limit F; can be written as,

RRb

Eyi=FE — ——%
& (n— 5nlj)2

(3.2)

where d,,;; is the quantum defect discussed in the chapter . Rpgp is the Rydberg

constant of 87 Rb atom and it is given as,

mpp R
Rpy = —fb7tee (3.3)
Me + MRy
We measure the transition frequencies of nS 1 nD% and nD% states. Since the

hyperfine effect of the nS% states are strong, the only allowed hyperfine state is
{nS%, F" = 2}. The hyperfine shift [90] of {nSé, F" = 2} level is given as,
337.1(2)

Ahfs,F:2:§ 3 GHz (3.4)

In the experiment, we directly measure the transition frequencies of {5P%,F "=

3} — {nS%, F" = 2} transition. We subtract the shift (in Eq from the measured
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transition frequencies to estimate the same for the states nS 1.

However, the hyperfine effect for the high principal quantum nD states is negli-
gible, so we directly measure the transition frequencies of these states.

Fig.) shows the fine structure splitting of nD states with the principal quan-
tum number ‘n’. The fine structure splitting of nD states vary as o % [34,189].
Fig{3.4p) shows that lock-in detection signal of Rydberg EIT for the D levels of n
= 46, 55 and 88. It is clear that the the fine structure splitting decreases as the
value of ‘n’ increases. We observe the fine structure splitting upto ‘n’=120. Beyond
n=120, the fine structure splitting and the linewidth of the lock-in detection signal
becomes the same order of magnitude, making it difficult to measure further. We
could measure the transition frequencies of nS levels upto ‘n’=124 as the SNR of

the lock-in detection signal reduces after this level.
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Figure 3.4: a)Fine structure splittings of D-levels b) shows the lock-in signals of EIT
for 46D,55D and 88D levels.

Quantum defects of nS%, nD% and nD% states are determined by fitting the
measured transition frequencies vs ‘n’ graphs using the equations and 2.41] The
values of quantum defects are given in the table below.

Previously measured quantum defects are reported in [54,90-93] The error due
to the fluctuations of the coupling laser ~ 600 kHz. Maximum error sources include
frequency conversions, peak frequency detection of lock-in detection signals from the

fit and fluctuation of the probe laser (=~ 650 kHz).
35



50 (52
nSi/ | 3.1311809(12) | 0.1786(6)
nDsy | 1.3480942(15) | —0.6048(9)
nDsy | 1.3464628(14) | —0.5934(3)

Table 3.1: Values of the quantum defects.
3.4 Conclusion

In this experiment, we have measured the transition frequencies of nS%, nD% and
nDs Rydberg levels of 87 Rb atom for a wide range of principal quantum numbers
n=45-124. We also determine the quantum defects of these states. We have also
calculated the fine-structure splitting of D states and plotted it’s variation vs n
in Fig[3.4] Our measurements enable us to determine the transition frequencies of
individual Rydberg states which is crucial for quantum computing [94] and quantum
simulation with Rydberg atoms. Rydberg atoms are the perfect candidates for
atom-based sensors as they have long lifetime and high polarizability (o< n”). The
knowledge of the highly excited Rydberg states is useful for performing electrometry

as well as [3], microwave detection |15] using Rydberg atoms.
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CHAPTER 4

Doppler-Enhanced Quantum-Magnetometry using Rydberg

atoms at room-temperature

In this chapter, we present experimental results demonstrating the combined effect
of quantum interference and Doppler shift at room temperature to detect weak mag-
netic fields. We use the quantum interference phenomenon called Electromagneti-
cally Induced Transparency (EIT) in a three-level ladder type system of 8" Rb atoms
for the measurements. Electromagnetically Induced Transparency is a phenomenon
resulting from the destructive quantum interference of the transition probabilities
of the two transitions in a three-level system. This occurs due to light-matter in-
teractions that renders an absorptive medium transparent. While in conventional
three-level ladder-type setup, it is customary to use the probe and the coupling
beams in a counter-propagating configuration to minimize the effect of Doppler
shifts, here we show, on the contrary that one can harness the effect of Doppler
shifts in copropagating arrangement to create an enhanced response to a magnetic
field. In particular, we demonstrate an order-of-magnitude larger Zeeman splitting
of EIT spectra in co-propagating configuration as compare to counter-propagating
case. We also show that this enhancement is controlled by :’—’: factor, where wy() is
the probe (coupling) frequency. Our results are explained and interpreted through
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numerical simulation and theoretical modeling based on Lindblad master Eqnf2.1]
These findings offer promising applications in quantum sensing of magnetic fields

using thermal Rydberg atoms.

4.1 Interaction with external magnetic fields

The splitting of the atomic energy levels due to the interaction between the magnetic
moment of the atomic electron and the external magnetic field (B) is called the
Zeeman effect. Depending on the strength of external magnetic field (B) compared
to the atom’s internal magnetic field, Zeeman effect is divided into three regimes,
a) Weak-field Zeeman effect

b) Intermediate-field Zeeman effect

c) Strong-field Zeeman effect.

4.1.1 Weak-field Zeeman effect of Hyperfine state

If the external magnetic field is less than the internal magnetic field of atom, then
the hyperfine quantum number (F) is a good quantum number. The interaction

Hamiltonian is given as

I’jB :,uBgFFsz (41)

B, is the external magnetic field along z-direction, F, is the projection of the
hyperfine quantum number (F) along the z-direction, pp is the Bohr magneton. The

hyperfine Lande g-factor gr is given as [95],

_ R(FH1)—I(I+1)+J(J+1) F(F+1)—J(J+1)+I(I+1)
gr = g SF(F+1) + g1 2F(F11)

JUHD=S(STOFLELD 4 o SO+ =LIAD+S(S+])

the Lande g-factor is given as, g; = gy, 577 T1) + gs 5707 11)

The Lande g-factor for an orbital is g, = 1 and the Lande g-factor for an electron
spin is gg ~ 2.
The splitting can be calculated by using the first-order perturbation theory and

it is derived in Eqn. as
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AEF,WF = gFuBBZmF (42)

4.1.2 Strong-field Zeeman effect

In this case, the external magnetic field is stronger than the internal magnetic field
of the atom. So the hyperfine state (F, mp) is not a good quantum number under
the strong magnetic field as it decouples the interaction between nuclear spin (I)

and the total angular momentum (J). The interaction Hamiltonian is expressed as

3(Iz )2+ 300, — I(I+1)J(J + 1)
2J(2J —1)I(2I — 1)

FIAB :Ahstsz+Bhfs +MB(ngZ+gIIZ)BZ

(4.3)

Apys is the hyperfine constant, By, is the electric quadrupole constant. This effect
is also known as the Paschen-Back effect.

In this regime, for 8" Rb, the energy shift of nSy state is calculated as,

AEjm, im; = Angsmglmy + pp(gymy + grmy) B, (4.4)
the value of By,gs = 0( [96]) for nS:

4.1.3 Intermediate-field Zeeman effect

Intermediate-field Zeeman effect arises when the magnetic field is neither too strong
nor too low but in the intermediate level. In this regime, it is difficult to find out
the good quantum number. For hyperfine state, the total interaction Hamiltonian

in this regime is given as

H=H,+Hg (4.5)
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where Hg = (upgsJd. + npgrl.)B, and H 4 is the atomic Hamiltonian.
The energy splitting in this regime is obtained by numerically diagonalizing the
Hamiltonian (4.5(in |F,mpg) ( [97]) basis.
In this experiment, the atomic states, the 55%, 5P% and nS 1 are involved. Hyperfine
levels of 55 %,5P% states will experience weak-field Zeeman effect at a magnetic
field of around 30 Gauss. For principal quantum number (n) > 30, the hyperfine
interaction of the Rydberg levels is very small compared to the interaction caused
by an external magnetic field, so the Rydberg states will be in the Paschen-Back
regime.

Here, the Zeeman splittings per unit Gauss magnetic field for 55%, SP% and 353%
are tabulated in Table Table [4.2| and Table 4.3| respectively.
For the |55 1 F = 2) state, the Zeeman splittings are calculated using Eq. with

_ 1
gr = 3.

Table 4.1: weak-field Zeeman splitting of ]555, F=2)
per unit Gauss of magnetic field.

state (|F,mg)) | Splitting(MHz)/Gauss
2.2 ~1.39962
2.1 ~.6998
2,0 0
2,1 .6998
2.2 1.39962

For the ]5Pg , F' = 3) state, the weak-field Zeeman splitting is calculated using Eq.
and the value of g is taken as = %

In the presence of a strong magnetic field, |F,mg) is not a good quantum state
for Rydberg state ]nS%>. Instead, |J,my, I, m;) is now a good quantum state. This
is also called decoupled state. The strong-field Zeeman splittings of this state is
calculated using Eq. [4.4]

The value of Ay, = 2&% GHz is taken from [90], where n* = n — §, 0 being the

quantum defect. For 355% state n* = 31.8686, g; = 2.
For 8" Rb, the Lande g-factor of Nucleus spin is g; = —.00100627
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Table 4.2: Weak-field Zeeman splitting of |5P% , ' = 3) per unit Gauss of magnetic
field

state (|F,mg)) | Splitting MHz/Gauss

3,-3 -2.79925

3,-2 -1.86617

3,-1 -.93308

3,0 0

3,1 93308

3.2 1.86617

3,3 2.79925

Table 4.3: Strong-field Zeeman effect of 355 1 state

states(|mr,my)) | frequency splitting MHz/Gauss

3/2-1/2 20.9676

3/2,1/2 0.97189
1/2-1/2 “1.25564

1/2,1/2 1.25704

1/2-1/2 1.54361

1/2.1/2 1.54220

3/2,1/2 1.83158

3/2.1/2 1.82736

4.2 Experimental Setup

The schematic of the experimental setup is shown in Fig. [£.1] For Rydberg ladder
type EIT, we utilize three hyperfine manifolds {55%,F =2} — {SP%,F’ =3} —
{355%, F" =2} of 8"Rb.

The 780 nm laser is used as a probe for the {55%,17 =2} — {5P%,F’ = 3}
transition and the 480 nm laser is used as a coupling beam for the {5P%, F' =3}
— {3555, F” = 2} transition. The probe beam is drawn from an External Cavity
Diode Laser (Toptica DL100) and scanned across the {555, F=2}— {5Pg, F' =3}
transition. The coupling beam is derived from a frequency-doubled ECDL laser
(Toptica TA-SHG pro ) and tuned to the {BP%, F' =3} to {355’%, F" = 2} transition
at 480 nm by tuning the seed laser at 960 nm.

A commercial wavelength meter based on Fizeau interferometer (WS8-2) is used to
monitor the frequency of the coupling laser as it’s frequency is fixed to {5P%, F' =3}

to {355%, F" = 2} transition. The absolute accuracy of the wavelength meter is 2
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Figure 4.1: Schematic diagram of the Experimental setup. The red colored beam
represents the probe beam (780 nm). The blue colored beam (480 nm ) represents
the coupling beam. PBS: Polarising Beam Splitter; DM: Dichoric Mirror; HWP:
Half Wave Plate; QWP: Quarter Wave Plate; M: Mirror

MHz with a resolution of 200 KHz. As illustrated in Fig. the probe laser is
split into two parts by a polarizing beam splitter (PBS2) with same size and same
power: one part is used as a probe beam and the other part is used a reference
beam. The reference beam is used to subtract the background of EIT and to record
the data on a flat background as the EIT signal resides on the Doppler broadened
profile. This is done by setting the same power to the reference and probe beams and
collecting the data on a home-built differential photo-detector. Both the probe and
the reference beams are collimated with a Gaussian () radius of 0.7 mm and aligned
through a 75 mm vapor cell. The coupling beam (480 nm) is divided into two parts
by a polarizing beam-splitter (PBS1), one part of the coupling beam is aligned in
counter-propagating configuration with the probe beam and the other part is aligned
in co-propagating configuration with the probe beam. The Gaussian radius of these
two beams are 1.2 mm and 0.7 mm, respectively . The reference beam is propagated
through the vapor cell without overlapping with any of the coupling beams to provide
a Doppler broadened background spectrum for background correction.

A solenoid coil is used to generate a static and uniform magnetic field along its

axis (z-axis in Fig. with a magnetic field of 33.616 Gauss/Amp. The magnetic
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field along it’s axis is measured by a Gaussmeter Model 460 3-channel from Lake
Shore Cryptonics. The Rb vapor cell of length 75 mm is placed along the axis of the
solenoid where the magnetic field is uniform. The vapor cell and the solenoid coil
are magnetically shielded by three layers of u-metal sheets to prevent the influence
of ambient stray magnetic fields on the Rydberg EIT signal. The enclosure made of
three layers of p-metal sheets is tested to reduce the external stray magnetic field
to below 0.05 Gauss.
Characterization of the Solenoid:
The solenoid coil used in our experiment has a length of 15 cm. We use a Gaussmeter

to measure the magnetic field at different coil currents along the axis of the coil.
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Figure 4.2: a) Shows the magnetic field variation along its axis. The same is mea-
sured at different coil currents. The origin (0 point in the graph) started from one
side of the coil. b) it shows the average magnetic field vs the coil current (see text).

From figure ) the average value of the magnetic field is calculated across
the uniform region (approximately taken from 3.9 cm to 11.5 em for our vapor cell
of length 7.5 cm, see Figid.2h) ). The average values are plotted with different coil
currents in Figld.2b). The magnetic field per unit current is determined by fitting the
curve, shown in Fig[f.2] and the magnetic field is measured to be 33.616 Gauss per
Ampere. Magnetic fields are varied from 0 to 10 Gauss to record the measurements.

The standard deviation of the magnetic field along the axis in the uniform region is
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around 0.2 Gauss.

4.3 Theoretical Model

In chapter 2| the zero temperature susceptibility (Eqn.(2.3F])) for the three-level
ladder system is derived analytically. In this chapter, the experiment conducted in
a room-temperature vapor cell is described in detail. So the effect of the temperature

needs to be corrected in the analytical expression for the susceptibility. For an atom

moving towards the probe beam at a speed of ‘v’ sees it blue shifted by % (see
Fig.. The same atom sees the coupling frequency red (blue) shifted by =
if it is in counter-propagating (co-propagating) configuration with respect to the

probe beam. So the effective susceptibility will be evaluated after thermal averaging

Doppler shift of probe beam A, + ==

Doppler shift of - @ Doppler shift of
co-propagating coupling beam A, + “= counter coupling beam A, — <<
v o,
& e e
| gt = »
/ . o "o \ coiunjner-pr.opagatmg
co-propagating coupling beam (w..)
coupling beam (w.) .\*

probe beam (w,)

Figure 4.3: Doppler shift of an atom with velocity v with respect probe and coupling
beam

the zero temperature susceptibility (Eqn. (2.35))). Hence, the thermally averaged

susceptibility over the Boltzmann distribution is given as,

1o
Y = NG /_OO e xo(Ap + Alu, A, F Alw) du, (4.6)
withu = = Al = 2O and vy = /BT m being the mass of " Rb and kg being

the Boltzmann constant. At room temperature T=300 K, the Doppler shifts A;F(C)

are hundreds of MHz, which has a strong impact on re-scaling the susceptibility.
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Figure 4.4: a) Black line represents the imaginary part of zero-temperature sus-
ceptibility at A, = 2MHz and ot — o~ polarization, dotted curve shows the
imaginary part of susceptibility without coupling beam, vertical line represents the
two-photon resonance condition for zero-temperature, A, = —A., where Y =
2Neag/(g0Ep) ~ 2 x 107%. b) Imaginary part of thermally averaged susceptibility
X = x9¢ — x, with A, = —51 MHz, vertical lines corresponding to the two-photon
resonant condition, A, = FA*, where A* = %ZAC' c¢) Describes the zero temper-
ature difference susceptibility Yo, corresponding to a narrow EIT window, green
(blue) line represents the thermal averaged counter-propagating (co-propagating)
peak as A, = FA*. d) Contribution of different velocities to the susceptibility
Xo(v) == xo(Ap +wpv/c, A, Fwev/c), for A, = —10 MHz at A, = FA* (solid lines)
and at A, = FA*/2

In the experiment, the EIT signal resides on a Doppler-broadened profile. Hence,
to clearly observe the signal we subtract the Doppler-broadened profile from the
main EIT signal (see Fig. The background-subtracted susceptibility can be
written as Yy = x79¢ — x, x?¢ is the two-level susceptibility when the coupling laser
beam is absent. Another way to obtain Y is thermal averaging of zero temperature
counterpart xo := xo — Xo as in Eqn. (4.6). The imaginary part of the zero-
temperature susceptibility xo drops to zero at the two-photon resonance condition,
A,+ A, =0, while Im(() matches the Lorentzian profile of Im(x{) off-resonantly
(see Figi.4h)). At room temperature, the exact analytical expression of the integral
[4.6] is difficult to achieve, so some approximations are needed to determine the
approximate form. The integration can also be evaluated numerically by performing
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numerical integration using any computation software. In thermally averaging xo,

the effective velocity range of u comes from the two-photon resonance condition

limited by the EIT linewidth i.e

where wgrr is the EIT window. From Eqn. the range of effective velocities

contributing to the EIT lineshape is obtained as Au* = i%ﬂquZT The -(+) sign
indicates the counter-propagating (co-propagating) configuration. For two-photon

resonance condition,
Ap+ Ao+ (A FADu=0 (4.8)

so for any velocity u, coupling detuning A, and probe detuning A,, the EIT peak
will be located at Im(x§(A, + Alu)). Using Eq. E, we get

(welAp £ wpA)
(we F wp)

Ap+ Alu = (4.9)

The integral (4.6 can be approximated as a rectangular integral in the Au* velocity
range and
A (WeA, £ wpAe)

Im(x) = F o) Im(xg“( T

)). (4.10)

where A is a slowly-varying function of A, and A.. We also assume that |w, —w,| >

wpqu’f, wge being the two-level absorption window (linewidth of x¢°), set by the

lifetime of the excited state. The condition for the EIT peak position between A,
and A, will be calculated from expression (4.10) as ,

A, = ;%Ac (4.11)

As I'm(¥) tends to zero at two-photon resonance condition, A, + ATu = 0.
The ‘-’(+) sign represents the counter-propagating (co-propagating) configura-
tion. From expression , we get two distinct features for co-propagating and
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counter-propagating EIT. One is that the height varies as o , and the other

1
wWeFwp
is that the linewidth varies as oc (1 F Z—;)wge. So the counter-propagating EIT sig-

nal is narrower and taller than that of the co-propagating EIT signal (see figure
b)). This is quite visible in figure [4.4] (¢) and (d) as a broader range of veloc-

ities contribute to the signal, but this range falls off rapidly as one deviates from

A, =—2A,.
Experiment Theory
> 01F ' ' ' ' ' ' ' '
Z 7 (a) A B ——
=T " ]
S) ~
2 i > :
3 5
2ot 5 |
s =
g 0.0k 1 1 L 0'1 1 1 1 1 1]
0 50 100 150 0 100 200
Coupling power (mW) Coupling power (mW)

Figure 4.5: Measurements (left) and simulations (right) of the peak strength vs
coupling laser power for x—x polarizations. Green color curve represents the counter-
propagating and blue color curve represents the co-propagating EIT.

4.4 Results and Discussion

In Fig[d.5, we experimentally measure the peak heights of the EIT signals in both
the counter-propagating and co-propagating configurations as a function of coupling
beam power and compare these results with simulations. The main difference be-
tween the experimental results and simulation is that as the coupling beam power
reduces to zero the experimental signals go to zero but steady state susceptibility
does not. This can be explained due to various factors such as the relaxation time
diverges, dephasing due to the laser linewidth, stochastic resetting [98] due to the
atom leaving the probe comes into play.

The dephasing effects, stochastic resetting affect the linewidth and strength of
the EIT signal but it does not affect the peak position.

We have also measured the peak positions for both types of EIT configurations
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by varying the detuning of the coupling beam (see Fig.. It is observed that the
co-propagating EIT peak follows A, = +‘:—’C’Ac and the counter-propagating EIT
peak follows A, = —:—IC’AC as derived in m It is important to note that the exper-
imental data shows a slight difference in EIT strengths between the co-propagating
and the counter-propagating configurations. Since the data for both the configura-
tions is recorded simultaneously, the coupling power is adjusted accordingly to have
the corresponding signal strength. For the same reason, the two different types of
EIT signals are not visible at A, = 0 coupling detuning. Instead, a single convoluted
peak is observed. For clarity, the numerically calculated susceptibility for the co-
propagating configuration is multiplied by a factor 3 as the relative signal strength
for this case is low (reason is stated in the last paragraph). The data showed in Fig.
is recorded in the absence of magnetic field (B = 0 ) with polarizations of the
probe and the coupling beams kept linear.

Experiment Theory
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Figure 4.6: Measurements (left) and simulation (right),green curve represents
counter configuration EIT and blue curve represents co-propagation configuration
EIT.

Effect of the magnetic field:

In the presence of the DC magnetic field, all the states involved in the EIT will
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experience Zeeman effect. For this experiment, the effect of the magnetic fields on
the atomic energy levels are described in section 4.1} Due to the presence of the
magnetic field, the degeneracy of all the energy levels will be lifted, resulting in
splitting of the energy levels. The polarizations of the probe and the coupling lasers
will determine the characteristics of this splitting.

The ground-state of 87 Rb {55%, F =2} has 5 Zeeman sub-levels and the energy

level splitting with the magnetic field ‘B’ is given as,
e(mf) = gpmpusB (4.12)
The intermediate state {SP% , " = 3} has 7 Zeeman sub-levels with energy
e(mp) = €ge + gpmpppB (4.13)

€g.¢ 1s energy of the intermediate state with respect to the ground state at ‘B’=0.

pp is the Bohr magneton, gr is the Lande g-factor. However, for the Rydberg

state (n > 30), a magnetic field of approximately 1 G is sufficient to decouple the
3

interaction between the nuclear spin I = 5 and the electron’s angular momentum

J = % In other words, the hyperfine states F” = 1 and F” = 2 are combined to
form the |m;, my) state.
This effect is referred to as the ‘Paschen-Back’ effect. This ‘Paschen-Back’ effect

gives (21 +1)(2J + 1) = 8 sub-levels |m}, m’) with energies (see expression (4.4))
E(m§> m;) = E&gr =+ Ahfsm?mg + (g;m7} + gSmTJ):U’BB (414)

where €,, is the energy of the Rydberg state with respect to the ground state at
‘B’=0. Ay is the hyperfine interaction energy .

Figure [4.7 shows pictorially the Zeeman splitting of all states, excitation path-
ways for different circular polarization combination of the probe and the coupling
laser beams and the incoherent decay pathways to the ground state.

In this case, the Lindblad master Eq. is used to solve the coupling Hamil-

tonian numerically. The only difference is that instead of a three-level Hamiltonian,
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Figure 4.7: Energy-level diagram showing the ground manifold {555, F' = 2}, the
excited manifold {5P5/,, F" = 3}, and the Rydberg manifold {3552, 1 = 3/2} of
87Rb in the presence of a magnetic field. The red and blue arrows denote coherent
pumping by the probe and coupling lasers, respectively, for o* polarizations. The
dashed lines represent incoherent decay of the excited states back to the ground

manifold.

the new Hamiltonian will be a 20 x 20 matrix (5 sub-levels for the ground state
{551, F = 2} with m4. € {—2,...,2}, 7sub-levels for the excited state {oP1, F =3}
with m$ € {=3,...,43} and 8 sub-levels for the Rydberg states {355%} with
my € {£3,+3),m; € {£3}. So the coefficient matrix M is a 400 x 400 matrix.
The optical drive competes with the spontaneous decay of the excited state to the
ground state, which occures on a time scale of approximately 0.1 us. All the radia-
tive decay channels are shown in figure [1.7. mp changes by 0 or +1 with different
branching ratio. All these branching ratios and dipole matrix elements contributing
to the Rabi frequencies are calculated using the ARC library [99]. Another thing to
note is that the Rydberg levels have a lifetime of ~ 20us which does not effect the
steady state significantly [61].

In the laser frame (rotating frame), the time-independent Hamiltonian with re-
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scaled energies can be written as £,(m%) = e(m%.), e.(m$) = gemGupB — A,, and

go(my,m%) = (gim} + ¢'m75)upB + Ans(mim’ — 3/4) — A, — A,, where A, :=
fuw, — €4 is the detuning of the probe laser and A, := hw, + 4 — €4, — (3/4) Angs
is the detuning of the coupling laser, defined with respect to the F” = 2 Rydberg
level at B = 0.

The value of A = 2w 573 kHz [100] for 355% state, so Apgmprmy and %Ahfs are
negligible compared to ugB (up=1.399 MHz/G [95]). Due to the Zeeman splitting

of all the sublevels, the effective detuning for the probe beam is

AT = g9m$Bup + A, — gim5Bus (4.15)
and the effective detuning for the coupling beam is

AT = gim§Bup + Ac — gymlBpug. (4.16)

As g7 = 2 and g] = —.001 [101], ¢'m/; > gym} so gim} term is neglected in

expression (4.16]).
Hence, the condition for the transmission peak is (same as Eq. (4.11)) Afof I =

FL AT which gives

e e w e e T T
A, (B) = ggmpBup — gm%Bup F w—p(Ac + gpmyEBup — gymiBug).  (4.17)

c

In general, the peak varies linearly with the magnetic field as

8A (B) e e W e e T T

8(§,UB) = gpmy — gpmp F w_p(gFmF — gymy). (4.18)
For the probe-coupling ot — o~ configuration as in figure , optical drive and
the loss mechanism bring the atoms in the manifold of |m% = 2) ,|m$% = 3) and
lm; = %, my = %), so in the steady state, the effective system reduces to a three-level

system. The two-photon condition is now a function of the magnetic field (B) as it

is clear from Eq. (4.17) and varies linearly with the magnetic field.
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Figure 4.8: Top: Measurements showing the variation of the EIT signal with B for
o~ -0" polarizations and A. = —36 MHz for (a) copropagating and (b) counter-
propagating lasers. Vertical lines show the predicted peak locations at A,(B) given
by Eq. . Bottom: Displacement of the fitted peaks with B. Solid lines show
theoretical predictions.

So from Eq.(4.17) and Eq. (4.18) we get,

W We
Ap(B) = FFAc+ Bup(1F —) (4.19)
0Ap(B) _ Wp
and FE5-s = (1F22)
Similarly, for probe-coupling polarizations ¢~ — o™, the drive and the loss mech-
anism bring the atoms in the manifold of |m% = —2) , |m$% = —3) and |m; =

—2. m; = —1). Putting this values in Eq. (4.17) and Eq. (£.18) we get, A,(B) =

gf;‘(bg = —(1F 2). Therefore, as the magnetic field (B)

is varied, the peak for the co-propagating case moves faster than that of the counter-

:F:—ZAC —Bug(1¥F Z—C) and

propagating case by a factor of % ~ 4.2, as shown in figure . The top part of
p

c

the figure shows measurements of the variation of the co-propagating (blue, left-side)

52



and counter-propagating (green, right-side) EIT signals with the magnetic field for
the probe-coupling polarizations of 6~ — ot configuration (A, = —36 MHz). The
bottom figure shows the experimental (dotted) observations and theoretical (solid
lines) studies of the EIT peak variations with the magnetic field. The main dif-
ference between ¢ — o~ and 0~ — o7 is that their peaks are shifted in opposite
directions under the influence of the magnetic field.

For ¢ — 0% or 0~ — o~ polarization configurations of the probe and the cou-
pling beams, there is no EIT peak as the two-photon excitation pathways are not
connecting from the ground states to the excited states, as clear from Fig/4.7]

Figld.9 shows the case for linear-linear polarizations which are perpendicular to
the magnetic field. The polarization perpendicular to the magnetic field can be
taken as a linear combination of two opposite circular polarizations. This gives rise
to two effective probe-coupling o* — 0¥ combinations that create two EIT pathways
for each type of EIT configuration. So, o™ — ¢~ corresponds to the |m% = 2),
Im$ = 3) and |m; = 2,m; = 1) manifold, and ¢~ — o corresponds to |m% = —2),

Im$ = —3) and |m; = —2,m; = —1) manifold. Hence the peak to peak separation

given by equation (4.17)) is given by

Ap =2(17F ﬁ)BMB (4.20)
hence, the ratio of the co-propagating to the counter-propagating case peak to peak
separation is magnified by % ~ 4.2

We attribute the slight mismatch between the predicted and the measured peak
locations for the counter-propagating case to a slow frequency drift of the lasers. The
simulation results for various probe and coupling laser polarizations are presented

in appendix [C]
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Figure 4.9: Top: Measurements (left) and simulations (right) for increasing B with
A. = —36 MHz and z-x polarizations. As before, green and blue curves stand for
counter- and copropagating cases. Vertical lines show A,(£B) from Eq.

. Measurements are averaged over z-z and y-y polarizations to correct for any
misalignment of lasers. As in Fig. [4.6] y for the copropagating case is enlarged by
a factor of 3. Bottom: Fitted peak separation as a function of B, showing an
enhanced response for copropagating lasers. Solid lines are numerical fits and

dashed lines are predicted using Eq. (4.19))
4.5 Conclusion

We have performed Quantum magnetometry with 87 Rb atoms using the Rydberg
EIT scheme in a ladder-type three-level system. We have shown that in contrast to
the existing conventional counter-propagating Rydberg EIT configuration to mini-
mize the Doppler effect, it is possible to leverage the Doppler effect in co-propagating
configuration to obtain a greatly enhanced response to the magnetic field. This en-
hanced response depends on the ratio of their frequencies, which could be varied by
targeting different energy levels or different atoms. Our measurements align well
with the theoretical modeling derived from the Lindblad master equation. We have

used one-dimensional geometry with the magnetic field along the axial direction.
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It would be interesting to explore whether varying the relative orientation of the
magnetic field with respect to the probe and the coupling directions could lead to
any significant effects. One limitation of the current approach is that the peak for
the co-propagating case is broader than the counter-propagating case which limits
the resolution of the measurement. It would be intriguing to explore the potential
methods to reduce the the linewidth of the broadened signal. One of the possibilities
would be to use higher order Laguerre-Gaussian coupling beam [102] instead of a
pure Gaussian beam. Our results provide strong motivation for the development in
quantum sensing [103}|104] and quantum magnetometry with field-deployable Ryd-

berg atoms at room temperature.
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CHAPTER b

Experimental setup for cooling and trapping atoms

The ground-breaking advancements in spectroscopy, cooling and trapping of neutral
atoms, and quantum computing began after the invention of Lasers in the 1960s.
The first proposal of Laser cooling of neutral atoms, known as Doppler cooling, later
known as optical molasses, was developed by Hansch and Schawlow in 1975 [105].
The first experimental achievement of Doppler cooling was demonstrated by Steven
Chu in 1985 |106}/107] at Bell Labs. The Doppler cooling mechanism alone was not
useful for trapping atoms, so they combined magnetic field and optical molasses to
create Magneto-Optical Trap (MOT) [108]. Around the same time, another group
led by W. Philips at NBS (later known as NIST') surprisingly discovered a technique
named as sub-Doppler cooling |[109] where the temperature of the cooled atoms can
go well below the Doppler limit. This was done while measuring the temperature of
optical molasses by a newly developed technique called the Time of Flight (TOF)
technique. Steven Chu, Claude Cohen-Tannoudji, and William D. Phillips were
awarded the Nobel Prize in Physics in 1997 [110] for this ground-breaking achieve-
ment in cooling and trapping of neutral atoms. This chapter provides an overview of
the experimental setup and techniques which are built in our lab, including a com-

prehensive discussion of the MOT and it’s characterization, as well as a discussion
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on sub-Doppler cooling and dipole trapping.

5.1 Trapping and cooling of *’Rb atom

In this section, first I will discuss the basic working principal behind the operation
of the MOT to cool and trap the atoms with a simple atomic-level structure. Then

I will describe our experimental setup and its characterization.

5.1.1 Principle of Magneto-Optical Trap (MOT)

Three-dimensional optical molasses can be turned into a trap by proper choice of
laser polarization and inhomogeneous magnetic field. A pair of coils in an anti-
Helmholtz configuration is used to generate an inhomogeneous magnetic field, as
shown in Fig/5.1] The magnetic field at the center between the coils will be zero.
The magnetic field gradient close to the center will be uniform. As result of this,
Zeeman effect causes the splitting of the (F' = 1) level into mp = +1,0 sub-levels,
as shown in Fig[5.1h).

Let us consider the one-dimensional case where the counter-propagating, cir-
cularly polarized, red-detuned beams are aligned along the z-axis. For z > 0,
Ampr = —1 transition becomes resonant with the laser beam and the selection
rule allows the transition from the o~ beam. As a result of the absorption, the scat-
tering force pushes the atom towards the trap center i.c at magnetic field (B) =0. A
similar process will happen for the case z < 0, but this time absorption from o™ laser
beam will generate a scattering force (corresponding to Amp = +1) that pushes the
atom towards the trap center. The quantization axis is defined along the z-axis, so
for the case z > 0 the magnetic field has the same direction as the quantization axis.
But for z < 0 case, the direction of magnetic field is opposite to the quantization
axis, that is why the mrp = —1 sublevel lies above mp = +1 sublevel. Mathe-

matically, [95,(111), Fyor = Fouy(Ay) — Fo . (AL), where Ay = A F ko + “/TB,

scatt scatt

= (gem% — gtm%)up. So the resulting force is

FMOT = —BU — kz (51)
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where the damping coefficient is

. hk2ASO
P T st (B (5:2)

The spring constant x is defined as,

1dB

_ M
K= hz B. (5.3)

The equation ({5.1]) is basically an equation for a damped harmonic oscillator, with

a) b)
B B
mp=—1 mp =+1
Laser beam
w1 = 0 mp =0 (g—

0-+ 0}

mp=+1 'mp:—l

F=0mp=0

Figure 5.1: a) The Mechanism of the MOT shown for F' = 0 and F' = 1 total
angular momentum states. The Zeeman splitting of the F levels is also shown.
Two counter-propagated circular polarized laser beams of opposite helicity are used
create a magnto-optical force for trapping atoms. b) showing the design of the MOT
where the three pairs of counter-propagated beams with correct circular polarization
are aligned so that they intersect at the center where magnetic field is zero.

B
az

typically few kHz and the damping coefficient (4/ % ~ hundreds of kHz ) is much

around 10 G/cm, the oscillating frequency (/= ) is

the magnetic gradient 1

larger than the oscillating frequency. So the equation of motion ({5.1) becomes

over-damped. The above-mentioned idea can be extended to two other orthogonal
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directions (x and y) to efficiently cool and trap the atoms.

In this configuration, the axis of the anti-Helmholtz coil is kept along the z-axis
while the laser beams are aligned along the x, y and z-directions. The magnetic
field of the anti-Helholtz coil near the center is B(r) = 22(£ ¥ —z). Because of
this magnetic field distribution, the helicity of x and y beams will be opposite
to that of the z-direction beam, as shown in the figure. The temperature of the
trapped atoms in the MOT is comparable to the temperature attained in the optical
molasses. While simple Doppler cooling predicted minimum MOT temperature
to be Tp = ;}(—FB, however for multi-level ground states at certain conditions, the

temperature of the atoms can be achieved below the given Doppler cooling limit.

This process is called sub-Doppler cooling that will be discussed later in this chapter.

5.1.2 Experimental setup of the MOT

The trapping mechanism of the MOT is described in the above section. To realize
it experimentally, another important component required is an ultra-high vacuum

system to enhance the trap life-time and cooling efficiency.

Figure 5.2: Dodecagon vacuum chmaber with twelve view ports, high numerical
aperture lens system built inside it.

We have a custom made non-magnetic stainless steel chamber in dodecagon shape
with twelve viewports along the circumference, as shown in Fig. . Other two
viewports are at the top and bottom flanges to accommodate the anti-Helmholtz

coil. Our system is designed for single atom trapping and fluorescence detection. For
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this purpose, a pair of high numerical aperture lenses are placed inside the vacuum
chamber. After the baking process, pressure inside the vacuum chamber is around
~ 107 mbar. An ion pump from Varian-Diode 9191213 with pumping capacity 40
1/s is connected to the vacuum chamber to maintain this. An ion gauge (Varian-

UHV-24) is installed to one of the viewports to measure the vacuum pressure.

Figure 5.3: Vacuum chamber used for our experiment

Anti-helmholtz coil

The anti-Helmholtz coil used in our setup is made of 18 gauge insulated copper wire.
The frame where copper wires are winded has inner radius of 4 cm and outer radius
8.3 cm. Each coil has 26X26 windings along the radial and the axial directions.
Each coil has a resistance of 5 ohms and inductance of 30 mH. The switching on
and off time of the coils are 2 ms and 400 us respectively. The anti-Helmholtz coil

can generate a magnetic field gradient of 10 G/cm/A.

Compensation coil

Three pairs of coils are used in the Helmholtz configuration along the three perpen-

dicular directions to generate an uniform magnetic field in the trapping region. This
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configuration is used to cancel any external residual magnetic field due to a locally
induced magnetic field or the Earth’s magnetic field. Any one of the pairs can be
used to set the direction of the quantization axis for the experiment. These coils
are made of standard ribbon strips (see Fig with 10 side-by-side wires, which
can generate a magnetic field of 1 Gauss at 1 Ampere current near the center of the

MOT.

Cooling Laser system for kb MOT

We are using 8 Rb atoms for our experiment as it has a simple electronic level
structure, relatively high vapor pressure at relatively low temperature and easy
availability of lasers for cooling and trapping. The level diagram used in the MOT
are shown in Figl5.4l The cyclic transition is needed for the continuous absorp-
tion and emission process to obtain an efficient cooling and trapping. The cooling
laser is derived from a Toptica DL100 laser and tuned to the cyclic transition from

B , : : -
{551, F' = 2} to {5P;, F" = 3} state. The cooling laser setup is shown in Flg.
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Figure 5.4: Energy level diagram of 3" Rb D2 line, 581 : ground state, 553 : excited
state.

The cooling laser is actively frequency locked to {55%, F =2} to {SP%, F'=1-3}
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cross-over of the Saturation absorption Spectroscopy (SAS) signal which is 212 MHz
away from the F’ = 3 cyclic transition. The additional frequency is shifted by an
AOM with central frequency of 110 MHz. Typical detuning of the cooling laser is
~ 2I", which is close to 12 MHz (I is the natural line width of the F’ = 3 state). In
Figl5.5] the laser output is taken through the optical isolator, after that the laser
is divided into two part by using a HWP (4 plate) and PBS (Polarizing Beams
Splitter). The reflected part is used in the SAS setup for active frequency stabi-
lization, while the transmitted part is sent to the vacuum chamber after passing
twice through the AOM where an additional ~ 200 MHz frequency shift occurs. In
double-pass arrangement, at first +1 order diffracted light is sent towards a mirror
(M) and is reflected back again towards the AOM by the same mirror (M) for a
second pass. At the end of the double pass, the +1 order diffracted light is sent

to the experimental table by using a single mode polarization maintaining optical

fiber.
M M
Detector
Glass . -

plates

| Vapor cell g$
LASER MSS M

= A

Isolator PBS L AOM L

DO >~
D>~

=]

M

Figure 5.5: Cooling laser setup for the MOT. %: HWP, %: QWP, PBS: Polarizing
Beam Splitter, M: mirror, BS: Beam Splitter, AOM: Acousto Optic Modulator, L:
lens

The QWP (% plate in the figure) is used here to control the output power of

the double-pass configuration where it is acting as an effective HWP as light passes
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twice through it.

Repump laser system

The Repump laser is used to pump the atoms back to the cyclic transition because
of various reasons, such as Doppler broadening, and laser linewidth fluctuations,
causing the atoms to leak to the {5S 1 F = 1} state. The repump laser is tuned
from {55%,F = 1} to {5SP%,F’ = 2} transition. The schematic of the repump
laser system is shown in Figl5.6 The laser output is drawn from a Toptica DL100
laser. After the optical isolator, the laser beam is split into two parts with the help
of a HWP (Half wave plate) and a PBS. The reflected part is sent to the SAS setup
for frequency stabilization, and the transmitted part is sent to an AOM (Brimrose)
with 80 MHz central frequency. With the SAS frequency stabilization technique, the
repump laser is locked from {55 1 F=1}to {5Pg , F/ = 1—2} cross-over transition,
and additional 72 MHz frequency is shifted by the AOM (acousto optic modulator)

A
LASER 2

Isolator PBS L AOM L

Fiber

coupIer%
Figure 5.6: Repump laser system for the MOT. %: HWP, PBS: Polarizing Beam
Splitter, BS: Beam Splitter, M: mirror, AOM : Acousto Optic Modulator.

in a single-pass arrangement. The +1 diffracted order is sent to the experimental
table through a single mode polarization maintaining fiber. The cooling and the
re-pumper SAS signals are shown in Appendix
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5.1.3 Fluorescence Detection setup

Once the atoms are trapped in a MOT, it is important to quantitatively measure
the size, temperature, and density of the atomic cloud for further studies in various
research areas of atomic physics. The detection setup also helps us to probe different
measurements such as atom-atom interactions, excitation dynamics etc. We are
using two kinds of fluorescence detection setup as shown in Fig/5.7] One technique
uses fluorescence imaging of the MOT cloud using an EMCCD camera, while the
other one employs measurements based on an Avalanche Photo Diode (APD). I shall

discuss these techniques in the following sections.

Fluorescence imaging setup

We are using fluorescence imaging setup to measure the size, density and tempera-
ture of the MOT with the same cooling beams which are used for the cooling and

trapping of the atoms in the MOT.

Fiber
Coupler

7.5cm

EMCCD
Camera

Vacuum ----------------------------- P srrrssssssssnssasrrsannnnnn P cecsssssssssnssssssses P ccccasssssssssansacs [P ——
chamber

Figure 5.7: Fluorescence imaging setup, L1: lens with focal length 15 cm, L2: lens
with focal length 15 cm, L3: lens with focal length 7.5 cm. x,y represent the MOT
cooling beams

Since the principal of the MOT is based on absorption and spontaneous emission,
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the trapped atom emits photons in the 47 steradian solid-angle. The lens (L1), with
a focal length of 15 cm, is placed at 15 cm from the MOT center to collect and
collimate the small portion of the fluorescence from the MOT. Another lens (L2),
with the same focal length is kept at 30 cm from the L1 lens, focusing the collimated
rays onto its focal plane to form an inverted image of the MOT. The lens L3, with a
focal length of 7.5 cm, is used in the 2f-2f imaging configuration to image the MOT
onto the EMCCD camera. We are using a Photon-MAX 512 EMCCD camera from

Princeton Instruments to image the atomic cloud.

APD based detection setup

APD based detection system is used to measure the fluorescence for the experiment
discussed in chapter[] A BS (beam splitter) or a flipper mirror is used in the imaging
path (see Fig. to divert the fluorescence to the fiber coupler. The output of the
fiber coupler is sent to an APD (Avalanche photodiode) through a single mode
optical fiber. The APD from Excelitas Technologies (SPCM-AQ4C) is used for our

detection setup.

5.1.4 Characterization of the MOT
Atom number, density of the MOT

I have discussed about the fluorescence imaging setup in Fig[5.7, we are using this
setup to measure the number of atoms, density and temperature of the MOT. The

number of atoms in the MOT is calculated by the following formula,

Npigel
Natom = pie 5.4
' GnRscattQTTexp ( )

Where, Npize is the total pixel counts of the MOT image taken by the EMCCD
camera. G is the gain of the EMCCD camera, Rg. is the scattering rate (per
second) of the atoms,  is solid angle created by the imaging lens (lens L1 in

Figl5.7)), the coefficient of transmission T of the imaging system, 7., is the camera
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exposure time. The formula for the photon scattering rate (Rgeq) is given as [95],

Lot (5.5)

20
40
60
80

100

0 20 40 60 80 100

Figure 5.8: Typical image of the atomic cloud in the MOT recorded with an
EMCCD camera. The values along the x and y axes are pixel numbers of the
EMCCD camera.

The number density of MOT can be estimated by assuming that it has a Gaussian

. . . . . . . _ 2 2 .2 2 .2 2
distribution along three perpendicular directions i.e n(r) = nge™* /27e =¥ /275 ¢=%"/20%

o, and o, are the % radii of the MOT image, which are calculated by fitting the

MOT image (see Figl5.g) from the EMCCD camera. The peak atomic density (n)

is given as,
N, atom
= _Tom 5.6
"o (27)3/%0 0,0, (5.6)
or approximately it can be expressed as
Natom

o is mean radius of MOT. Ngm is the number of atoms in the MOT which is
calculated using Eqn.(5.4). The number of atoms and peak atom number density in
our MOT are estimated to be approximately 0.75 x 10° and 0.2 x 10° atoms/cm?,
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respectively.

The diameters of the MOT along the x and y axes are estimated to be approxi-
mately 520 um and 720 um, respectively. For density calculation, the MOT diameter
along the z-axis is considered to be the average of the diameters along the x and y

axes.

Temperature measurement of the MOT

The temperature of cold atomic cloud in the MOT is not defined on the basis of
strict thermodynamical sense as MOT is not in equilibrium with its surroundings,
rather it is a kinematic temperature, estimated from the velocity distribution of
the atoms trapped and cooled in the MOT. There are different ways to measure
the MOT temperature, few of them are the release and capture [112] method, time
of flight (TOF) method [110,/113] and forced oscillation method [114]. We use
an extension of the TOF method called the Ballistic expansion method. In this
method, the magneto-optically trapped atoms are allowed to expand freely after
switching off the MOT cooling beams and the magnetic field. In the absence of the
trap, the evolution of the Gaussian profile of the atom cloud depends on the initial

temperature of the MOT. The Gaussian cloud size varies as following,

o?(1) = o2(0) + %72 (5.8)

0(0) is the initial MOT atom cloud size. 7=0 is defined as the time when the
trap is switched off. 7 is the time delay after 7 = 0. M is the mass of 8" Rb atom.
T is the initial MOT atom cloud temperature. We use the fluorescence detection
system (see Fig and the same cooling beam pairs to record the MOT image at
different time delays. The variaton of the o?(7) vs 72 is shown in Fig[5.9] Each
point in Figl5.9] is averaged over five images to enhance the signal-to-noise ratio.
The MOT temperature is determined by fitting Eqn.(5.8) (red line) in graph .
The MOT atom cloud temperature is estimated to be approximately 120 pkK.
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Figure 5.9: 02 vs 72 plot to determine the MOT atom cloud temperature.

5.1.5 Sub-Doppler cooling

Two years after the first measurement of the molasses temperature that confirmed
the Doppler cooling theory, scientists led by Paul D. Lett at NBS [115] measured
the molasses temperature below the Doppler limit using the Time-of-Flight method
(TOF) after nullifying stray magnetic fields at the center of the molasses. As a new
result of the temperature measurement, modifications to the Doppler cooling theory
was needed, which then led to the discovery of sub-Doppler cooling. These new
mechanisms confirm one common factor that ground state must have degenerate
Zeeman sub-levels to allow optical pumping. Other two important factors are the

polarization gradients of the cooling laser and light shifts of the Zeeman sub-levels.

Optical pumping

Optical pumping is a process [116] in which the population of the atoms is redis-
tributed over it’s Zeeman sub-levels in the presence of local polarized light fields.
To understand with a simple example [117], let us consider a multilevel atom with

ground state F, = 1 and excited state F. = 2. The Zeeman sub-levels are shown in
Fig. [5.10]
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Figure 5.10: Optical pumping in the presence of ot polarized light

With the absorption of o™ polarized light, the angular momentum of the atom
increases by +hA. During the following spontaneous emission, the angular momentum
changes by +h, 0 and —h. After a few cycles of absorption and emission, the atom
will be pumped to the m, = +1 state. So the average time taken by the atom to
reach this steady state is the called optical pumping time (7,), where 7, &= 1/ Rycat-
It is an important parameter in sub-Doppler cooling. We can also estimate the
minimum temperature attainable from the Heisenberg uncertainty principle. From
this principle, AET, > h/2. If T,,;, is the minimum temperature then, kgT,;, >
Rscattht/2. For Doppler cooling 7 = 1/T", T is natural decay rate of the excited state.
T, is two orders of magnitude larger than 7. So from the uncertainty principle, it
is clear that the temperature achievable in sub-Doppler cooling is lower than what

can be achievable in Doppler cooling.

Polarization gradient

Polarization gradient is another important factor in sub-Doppler cooling [117-119).
If two or more plane waves with different wave vectors interfere, then the resultant
polarization of the standing wave may change depending on the position, this is
called polarization gradient. Here, I shall describe four configurations of plane-wave
interference, three out of four patterns are useful for sub-Doppler cooling.

1) Linear parallel-parallel polarization: In this case, two counter-propagating

plane waves linear polarized along the same direction are interfered.

€= eocos(kz — wt)T + eycos(kz + wt)z
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€ = 2egcos(kz)cos(wt)i (5.9)

2) Orthogonal or parallel-perpendicular (Sisyphus ): In this configura-
tion, two counter-propagating plane waves with orthogonal polarization interfere to

generate a standing wave.
€ = epcos(kz — wt)y + egcos(kz + wt)T

€= ¢[(T + y)cos(kz)cos(wt) — (& — g)sin(kz)sin(wt)] (5.10)

3) ot — o™ configuration: When two plane waves of same circular polarization

interfere in a counter-propagating configuration.

zcos(kz — wt) — gsin(kz — wt)] + 6—O[i“cos(kz + wt) + ysin(kz 4+ wt)]

V2

€= e—ocos(k;z)[:%cos(wt) + ysin(wt)] (5.11)

V2
4) Corkscrew cooling or ot — ¢~ configuration: In this case, two opposite

circularly polarized plane waves [119] interfere in a counter-propagating configura-

tion.

€= E—O[icos(k;z —wt) — gsin(kz — wt)] + E—O[QAccos(k’z + wt) — gsin(kz + wt)]

V2 V2

€= %[:ﬁcos(k‘z) — ysin(kz)] (5.12)

The configurations in Eqn.(5.10]) and have polarization gradient that varies
on ~ % scale, see Fig. The configuration in gives rise to another cooling
mechanism called the Magnetically Assisted Sisyphus Effect (MASE) [120]. How-
ever, I will discuss about two sub-Doppler cooling mechanisms: Sisyphus cooling

and Corkscrew cooling in this thesis.

Light shift

Consider a simple two-level system with an unperturbed ground state and excited

state. When an external AC field is applied to the atom, the energy levels experience
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Figure 5.11: 1) standing wave for linear parallel-parallel polarization, (see
Eqn.(5.9)). 2) Polarization gradient for Sisyphus cooling, see(Eqn.([5.10])). 3) Stand-
ing wave for MASE cooling, see Eqn.(5.11)). 4) Polarization gradient for corkscrew
cooling mechanism, see Eqn.(j5.12)

some energy shift, this is called the light shift or AC stark shift. For detuning,
A > (), the light shifts for the ground and the excited states are approximated by
AE = :I:%, ‘47 (‘-7) sign is indicated for the ground state (excited state). There are
two important features of the ground-state light shift: it is negative for red-detuned

light, inversely proportional to the detuning, and the shift is proportional to square

of the coupling strength.

Sisyphus cooling

Sisyphus cooling is the combined effect of optical pumping, polarization gradient,
and light shift. Since the light shift is proportional to the square of the coupling
strength (€2), then the atom with multiple ground state sub-levels will have different
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Figure 5.12: a) Zeeman sub-level structure of an atom with ground state F, = 1/2
and excited state F, = 3/2, coupling strength proportional to the square of the
Clebsh-Gordon coefficient of that transition. b) Light shifts of ground states due
to the polarization gradient. The polarization gradient is set as it is mentioned in
5.11P).

shifts in the presence of local polarization gradient.

Let’s consider a simple scenario of an atom with a ground state F, = 1/2 and
excited state F, = 3/2, where all the Zeeman sub-levels are shown in Fig[5.12h).
Polarization gradient is created using two orthogonal linear polarized light with
wavelength A in a counterpropagating configuration (see Fig2). The polariza-
tion gradient is shown in Figf5.12h). The two ground states (m, = £1/2) have the
same light shifts at the positions where the light is linearly polarized. However,
the light shift for m, = +1/2 sub-level at locations where the light is ¢* polar-
ized is three times higher than that of m, = —1/2 state (see the Clebsh-Gordon
coefficients in Fig)). For similar reason, the light shift is three times more
for the m, = —1/2 state than that of the m, = +1/2 state at locations where the
light is o~ polarized. Optical pumping distributes the atoms among the Zeeman
sublevels in 7, time. In this case, because of the 0% (07) polarized light, the atom
will be pumped to the my, = +1/2 (my, = —1/2) state. Let us consider an atom

with velocity v, such that v,7, = A/4. If the atom starts moving from z = \/8
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along the +z direction, the initial state is m, = +1/2, then the atom uses its kinetic
energy to climb the potential hill and reaches the location of the polarization o~
(situated at 2A/8) in time 7,. In this process, the kinetic energy is reduced in terms
of gaining the potential energy. The atom, at this location with state my, = +1/2 is
optically pumped to the m,; = —1/2 state due to the presence of o~ polarization.
This way the atom releases its gained potential energy to the light field, effectively
transferring its reduced kinetic energy to the light field and the atom prepares for a
new cycle. The temperature reached in this process is

D, Q>

[117], D, [121] is the Sisyphus diffusion coefficient and J is the Sisyphus friction
coefficient. The velocity ‘v, is called the capture velocity and it is directly propor-
tional to the intensity of light. The Sisyphus friction coefficient ‘3’ is independent
of the intensity of the laser. One thing to note is that in Doppler cooling theory
the condition reverses i.e Doppler friction coefficient becomes directly proportional
to the light intensity and the capture velocity remains independent of the inten-
sity. From Eqn., the achieved temperature is proportional to the intensity and

inversely proportional to the detuning of the laser.

Corkscrew cooling

This cooling mechanism [117] is different from the Sisyphus cooling, it is the un-
balanced scattering force that is responsible for this type of cooling rather than
the dipole force that is responsible for Sisyphus cooling. The Figl5.11|4) illustrates
this configuration, where the opposite circular polarized light beams are counter-
propagated to produce a standing wave. The polarization configuration of this wave
is rotated in a x-y plane with respect to the propagation axis of the original light
beams.

However, the amplitude of the standing wave remains the same. As a result, no
polarization gradient is formed in this configuration. Even if there is no polarization

gradient, the atomic ground states will still have constant light shifts, see Clebsh-
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Figure 5.13: Clebsh-Gordon coefficients and transition pathways for J, = 1 and
Jo =2

Gordon coefficients in Fig.. The energy shift in the ground state is A} = %A’l.
I will explain this effect with an example of an atom in a ground state J, = 1
and an excited state J. = 2. When the atom rests at z=0, let us consider the
polarization of the light along the y axis, and so the quantization axis. As a result
of optical pumping due to m polarization, the ground eigenstates (|mgy1),) of J,
angular momentum are symmetrically populated with respect to the |mgo), state.
If the atom starts moving with velocity v, then z = vt. The atom in its rest frame
can see the polarization rotating in the x-y plane with an angular speed of kv. After
transforming to a frame rotating at the same angular speed, the atom can observe
a fixed polarization along the gy axis. As a result of this moving rotating frame
transformation, the atom will experience an additional inertial force apart from the
transformed electric field along the ¢ direction. The inertial force acts like a fictitious
magnetic field along the z direction with Larmor frequency kv. The inertial term
contributes to the Hamiltonian as V,,, = kvJ,, J, being the angular momentum
along the z-direction. Under certain conditions, R < |A'| and kv < |A/|, the
effect of the inertial term can be treated in a perturbative approach. As a result
of this perturbation, the population of the new eigen states (M) will remain
the same. However, in the new eigen states, m, the populations of |mg.1).
and |mg_1)., the eigen states of J,, will not be the same. Therefore, the expected
value of J, in the new perturbed states (|mg+10),) will not be zero, this (J.) is
called the motion-induced orientation. In simple words, when an atom moves in a

rotating polarization field along the z-direction, the states [mg+1)., the eigen states
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of J, have population imbalance which leads to the unbalanced scattering forces.
The detailed calculations of this mechanism are given in this Ref |[117]. For large
detuning A > T', the equilibrium temperature in this cooling mechanism is similar
to the temperature that can be achieved in Sisyphus cooling (see Eqn..

The two sub-Doppler cooling mechanisms discussed above are particular to cer-
tain polarization combinations in one-dimensional case. However, in a MOT both

kinds of sub-Doppler cooling mechanisms are possible [122].

Experimental results of sub-Doppler cooling:

We have achieved sub-Doppler [123] cooling of atoms in a Magneto-optical trap.
The time sequence of the sub-Doppler cooling is shown in Fig[5.14 The imaging
system is the same as it is mentioned in Fig[5.7] The temperature also depends on
the duration of the sub-Doppler cooling phase [124]. We have found that efficient
cooling is happens with sub-Doppler cooling time of around 3 ms. Initially, atoms
are loaded in the MOT for 15 seconds, and then they undergo a sub-Doppler cooling
phase lasting 3.1 milliseconds. From the Eqn. [5.13] it is clear that lower temperature
achievable in sub-Doppler cooling depends on the intensity as well as the detuning
of the cooling laser. So the cooling beam intensity has to be reduced and the
corresponding detuning of the cooling beam from the atomic transition frequency has
to be increased in order to achieve the same. The sub-Doppler cooling phase consists
of two stages: in the first stage (called ‘S’ stage), the detuning of the cooling laser
is reduced in one step while maintaining a constant cooling intensity. In the second
stage (called the ‘R’ stage), the detuning remains the same but the cooling intensity
is adiabatically ramped down. The ‘S’ stage lasts for 2.5 ms, while the ‘R’ stage lasts
for 0.6 ms. The intensity is reduced in 15 steps during the ‘R’ phase. The repumper
intensity (I) was kept constant during the sub-Doppler cooling phase. The magnetic
field is switched off during the sub-Doppler cooling. The temperature attained in the
sub-Doppler cooling is measured using the ballistic expansion technique mentioned
in this section. The EMCCD camera and the imaging beam are switched on for 100
wS. We use the same cooling beams (red detuned, —2I") and the repumper beam

for the imaging beam.
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Figure 5.14: Time sequence of sub-Doppler cooling: the ‘S’ denotes that detuning
reduced in one step, the ‘R’ denotes that the intensity is reduced step by step. In the
‘S’ stage, cooling intensity remains the same and in the ‘R’ stage cooling detuning
remains the same.

Fig[5.15| shows the temperature variation of the atomic cloud as a function of
the cooling beam detuning during the sub-Doppler cooling phase. It shows that the
temperature of the atoms reduces from 120 pK to 50uK rapidly when the cooling
beam detuning is changed from —2I" to —5I". After that the temperature fluctuates
around the steady state value of 40 uK with a detuning upto = —8I'. Each data
point in the graph is averaged over five repeated measurements.

Fig[5.16] shows o2 vs 72 graph at the end of the sub-Doppler cooling stage. In
this case, the detuning of the cooling beam is reduced to —6.381" in the ‘S’ stage and
maintained at the same value in the ‘R’ stage. The initial intensity at the begining
of ‘R’ stage is approximately 55 I4;. The cooling intensity at the end of the ‘R’ stage
or at the end of the sub-Doppler stage is kept at 9/,,;. At a cooling intensity of 9/,
and a detuning of —6.38I", we observe that the temperature of the MOT reaches 26
K. One possible reason that the temperature doesn’t reach the minimum value
around the cooling intensity of I, is that the six beams have different intensities

and their overlap is not optimal at the MOT center.
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Figure 5.15: Temperature of the atoms vs detuning (—J/T") of the cooling beams
during the sub-Doppler cooling phase. The detuning is changed in one step in the
‘S” stage and is kept at the same value during the ‘R’ state. The detuning in the
MOT loading phase is kept at —2I".

5.2  Far-off resonance Dipole Trap

Optical Dipole trapping is based on the interaction of the atomic dipole with a far-
detuned light field. It was first suggested by Ashkin [125] (1970) and later Steven
Chu [126] used this technique to trap the neutral atoms (1986). Classically, an atom
can be treated as an oscillator and the light can be treated as a continuous wave.
The interaction of the atom with light can be analyzed using a forced vibration
model. The electric field ‘E’ of the light will induce a temporary dipole moment
p = aF, a is the complex polarizability. Then the induced dipole interacts with the

light, and the resultant interaction energy is —p.E. The real part of the interaction

__ Re(a)

is the dipole potential, and it is expressed as Vg, = Seco

I, T is the intensity of
the light, where I = # The imaginary part of the interaction term contributes
to the absorption and scattering process. The scattering process plays a crucial role
to influence the performance of the dipole trap. However, the problem with the

classical model is that it fails to explain the saturation effects i.e at high intensity

the population in the atomic state tends to saturate.
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Figure 5.16: o2 vs 72 plot at sub-Doppler cooling stage.

In the semi-classical approach, atoms are treated quantum mechanically as a
simple two-level system and the light is treated as a continuous radiation field. The
interaction Hamiltonian is H; = —pF, g = er, i is called the dipole operator.
The effect of the interaction can be described by a time-independent second-order
perturbation theory in the laser frame. The light shift and the scattering rate from
the second-order perturbation theory are calculated [21] in terms of the intensity

I(r) and the decay rate I',

1.Ele)|?
AR — 4 9liEle)]
)
3rc? T
0
3rcT?
sc — W (7”) (515)
where % = w_lwo - Jrlwo

‘“+7 (‘) sign refers to the the ground state (excited state) light-shift. From
Eqn)5.14] if A < wy, then using the rotating wave approximation, § ~ A. If A is
red-detuned then from Eqnl5.14] the light-shift will be negative for the ground state
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Figure 5.17: a) light-shift for two level system b) 3D visualization of dipole potential.

and positive for the excited state, as shown in Fig). The estimated negative
light-shift of the ground state (for A < 0) is exactly the dipole potential used for
trapping the atoms. Another important factor from Eqnl5.15] and Eqnl5.14] is that
the dipole potential is scaled as %, and the scattering rate scaled as o< %. As
the A is red-detuned far away from the resonance, the scattering rate reduces by
the inverse square of A? and potential depth increases with decreasing A. This is
an important factor for the trapping of the atoms, as the scattering rate causes the

heating of the trapped atoms and effectively reduces their lifetimes.

Single atom optical dipole trap

We use red-detuned 852 nm (far away from the D1 and D2 transitions of 57 Rb)
focused Gaussian beam for the single atom trapping. As it is clear from Eqn
that the dipole potential will be minimum at the maximum intensity, so the atom

will be trapped at the focal point. The intensity distribution of the focused Gaussian
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beam propagating along the z-axis is given by,

2P0 2’/"2

I(r,2z) = exp (—

) (5.16)

Tw(z)?

where w(z) = wy \/m, Py is the power of the trapping light, wy is the beam
waist size at the focus, z, = wng is the Rayleigh range, and r is the radial co-
ordinate. Since the Rayleigh range is larger than the beam waist at the focal point,
the dipole potential will be steeper along the radial direction than along the propa-
gation (z-axis) direction. From Eqn and Eqn, the dipole potential can be
approximated [21] (in the region z < z,) as,

2 , 22

U(r,z) = =Up(1 = —r° — =) (5.17)

2
Wo 2y

Uy is the trap depth. In Fig.), a typical visual representation of a dipole trap
is shown in a 3D plot.
Figlp.18| illustrates the trap depth (Up) as a function of laser power [127], beam

waist (wp) is taken as 2 pm. The angular trap frequencies are defined as w, = 27y, =

,/2—11]; and w, = 27y, = , /2
mz; mw,

N w B

trap depth (mK)

=

0 10 20 30 40 50
Power (mW)

Figure 5.18: Trap depth of the optical dipole trap as a function of the trapping laser
power
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The number of atoms loaded into the optical dipole trap can be expressed as,

% —R— AN - FN(N 1) (5.18)

where, R is the loading rate, v is the one-body loss coefficient i.e loss due to the
collisions with the background room-temperature atoms, ' is responsible for the
two-body inelastic collisions inside the trap which varies inversly with the trapping
volume. It is shown in [128] that in a small trapping volume i.e trap size (wp) less
than 4pm and small loading rate R ( upto 100 atoms/s) the two-body collision
mechanism becomes the dominant feature, and it locks the average atom number in
the trap to < N >= 0.5. So either no atom or one atom will be present in the trap.

This mechanism is called collisional blockade.

Setup for single atom dipole trapping

In our experimental setup, two High Numerical Aperture (HNA) lenses with NA ~

0.5 are placed inside the vacuum chamber.

EMCCD
camera
Fiber

Lens collimator

780nm
laser
L2 L1 DM
852 nm
Dipole trap

T3 Collimator

g lens

Figure 5.19: Schematic of the setup for single atom trapping. L1 and L2: HNA
lenses placed inside the vacuum chamber, DM: Dichroic mirror, M: Mirror, HWP:
Half Wave Plate, PBS: Polarizing Beam Splitter,

Because of the large NA, it can focus the dipole trap beam (852 nm) to one micron
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focal spot size which is ideal for single atom trapping [128-130] in the collisional
blockade regime. The lens system is from Thorlabs (C240TME-B), and it is placed
symmetrically with respect to the MOT centre. The focal length and the diameter
of each lens is =~ 8mm. The distance between the two lenses is around 1.1 cm. The
experimental setup of the optical dipole trap is shown in the Fig[5.19, We use a
852 nm laser from Toptica (DL100) for the optical dipole trap. The typical output
power of the laser is around 70 mW. The output of the laser is coupled to the input
of the optical amplifier BoosTA (Toptica). The output of the optical amplifier is
around 400 mW. The output is coupled to a single mode polarization maintaining
optical fiber with an efficiency of 40%. The output of the fiber is collimated using
a collimating lens (60FC-T-4-M-60) of 60 mm focal length. We use a 780 nm (D2
transition) laser beam as a reference to align the 852 nm on the MOT center. There
is a shift of Af ~ 31 um between the focal points of 780 nm and 850 nm light beams
due to the variation of the refractive index with wavelength. The shift Af is being
reduced almost to zero by changing the convergence of the trapping beam (852 nm).
The distance between the collimator lens and the fiber output is adjusted by a xyz
piezo mechanical stage.

For the imaging of the single atom, we are using the same HNA lens that is used
to focus the trapping beam, as shown in Figl5.19 With diameter and focal length of
8 mm, the lens has 6% fluorescence collection efficiency (ratio of solid angle formed
by the HNA lens to 47). A dichroic mirror is used to separate the fluorescence from
the trapping beam.

The lifetime [21,22] of a single atom in a dipole trap depends on many factors
like intensity fluctuations [131], beam pointing fluctuations, background pressure,
scattering rate etc. Theoretically, it has been demonstrated that the lifetime [131]
of an atom in a trap is dependent on the trap parameters. We have measured the
intensity fluctuation noise or technical noise of the dipole trap laser to estimate
the lifetime of the atom in the optical dipole trap. The intensity fluctuation of the
trap laser gives rise to the fluctuation of the trap depth. As a result of this, the
atom’s average energy will be increased exponentially over time. Let us consider

an example of a simple harmonic trap potential. The total energy of an atom with
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intensity fluctuations in the dipole trap is,

2

1
P —mpwz (14 €(t))2? (5.19)

E =
QmRb 2

€(t) is the fractional intensity fluctuation, mpg, is the mass of Rb atom, p is the

momentum of the atom. With intensity fluctuation €(t) = 0, the total energy

1 2

transforms into that of a simple harmonic Hamiltonian. The term $mpywy.€(t)z
acts as a time-dependent perturbation to the quantum states (|n)) of the atom in
the dipole potential. Since, the time-dependent perturbation term is proportional
to the square of the distances (o< 2?), the proper transition will be among the
In) < |n+2) states. As a result of these transitions, the average energy of the atom
grows as (E) = Fye'<'| as calculated in [131]. The term ‘T is called the heating
rate constant and is given by [, = 72v2.5(2v4). wi = 271y, is the angular trap
frequency, S(2v;,) is the power spectral density of the fractional intensity fluctuation
at twice the trap frequency.

Figl5.20] shows the relative intensity noise (RIN) of the dipole trap (852 nm)
laser. The noise is measured using a spectrum analyzer (Anritsu MS2721B) and a

amplified photodiode (bandwidth 10 MHz). To convert to the RIN, the measured
noise (in units of Volt/v Hz) is divided by the DC voltage of the detector.

| == Laser noise
= detector noise

=
o
©

(1/Hz)

107t

10—13.

1071

107V

relative intensity noise

0 50 100 150 200 250 300 350 400
frequency (kHz)

Figure 5.20: The red colored line shows the relative intensity noise of the dipole
trap. The detector noise is represented by the blue colored line.
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The lifetime due to the RIN is expressed as [22]

Uo
Eq

2
mwg

se = T 2
T’VZO’LSE Uos(2yt7,) ) (5 0)

n(

where Ej is the initial temperature of the atom. It is clear from equation [5.20
that lifetime of the atom in a dipole trap depends on the trap parameters such as
trap size, trap depth and the power spectral density S(2uvy,). Fig shows the
simulated lifetime of the trapped atom as a function of the initial energy (Fy). The
beam waist is taken as 2 um. As the initial energy of an atom increases, its lifetime
decreases. We also simulate the lifetime at different trap depths (0.75 mK and 1.5
mK). Intuitively, one may expect that as the trap depth increases the lifetime of the
atom should be increased. However, as trap depth is increased, the trap frequency
is also increased and hence the heating rate constant (I'.) which is quadratically

increased.

140¢ — trap depth= 0.75 mK
120} —— trap depth=1.5 mK

100

lifetime (s)

40r

20F

0.0 0.1 0.2 0.3 0.4 0.5
Initial energy (mK)

Figure 5.21: lifetime as a function initial energy. Beam waist is kept at 2 pum.

The typical parameters for the graph (Figf5.21)) : for Uy = 0.75 mK, v, =~ 5.01
kHz, v, = 52.25 kHz, S(2 x 52.25) ~ 1.08 x 1072 1/Hz, and for Uy = 1.5 mK,
v, ~ 7 KHz, v, ~ 74 kHz, S(2 x 74) ~ 5 x 1071 1/Hz. Here v, is the trap

frequency along the z-axis and v, is the trap frequency along the radial direction

(see Eqn5.17)).
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5.3 Conclusion

In this chapter, I have provided a theoretical description to elucidate the principles
of MOT operation. Thereafter, I have shown our experimental setup used for cooling
and trapping of atoms in the MOT. The realization of sub-Doppler cooling of atoms
is also described. After the sub-Doppler cooling, the temperature of the MOT
reduces from 150K to below 30K . Further optimization of other parameters such
as cancellation of stray magnetic fields, repumping beam power are needed to reduce
the temperature futher. The limitation for further reduction of the temperature
of the atoms is that the detuning of the cooling laser beams cannot be increased
more than —7I" since for larger detuning, the total MOT cooling beam intensity
reduces below the saturation intensity, which causes heating of atoms instead of
cooling. Sub-Doppler cooling is crucial for loading atoms into the dipole trap and
for increasing the atom’s lifetime in the dipole trap. I have also presented a detailed
description of the atom trapping mechanism in the optical dipole trap and the
process of loading of a single atom in the trap. Once the single atom is loaded in the
dipole trap, it’s life time depends on several factors like the relative intensity noise
(RIN) of the dipole trap laser, beam pointing fluctuations at the trap center and the
collisions due to presence of room-temperature atoms in the background. We have

measured the RIN of the optical dipole trap and have estimated the lifetime of the
atoms in the trap (see Figls.21]).
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CHAPTER 6

Probing of Rydberg interaction using Autler-Townes splitting

In this chapter, we study the effect of inter-atomic interaction between Rydberg
atoms in a cold atomic ensemble. We probe the interaction using the Autler-Townes
splitting of the {53%717:2} — {5P%,F’ = 3} transition in cold 8"Rb atoms in a
magneto-optical trap (MOT). The cooling laser beams of the MOT with high in-
tensity causes the Autler-Townes splitting of the energy levels corresponding to the
cooling transition ( {553, F =2} — {5P%,F’ = 3}) at 780 nm wavelength into
dressed states. The Autler-Townes splitting is then measured using a weak probe
beam (480 nm), which couples the intermediate state (5P5/, F' = 3) of the three-
level system to the highly excited Rydberg states. As the probe beam couples the
atoms from the dressed states to the Rydberg states, the atoms move out of the
MOT cooling cycle and are eventually lost from the trap. This is called the trap
loss spectroscopy [132]. We measure the Autler-Townes spectra using this trap loss
spectroscopy technique. The Autler-Townes spectra is recorded by scanning the
probe frequency around the Rydberg state. The transition frequencies to the highly
excited Rydberg states were measured in our experiment as demonstrated in the

chapter

The Van der Waals interaction between two Rydberg atoms varies as o< n'!. The
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Van der Waals interaction-induced dephasing causes the broadening of the Autler-
Townes splitting [133],[134]. We record the Autler-Townes spectra by varying the
principal quantum number ‘n’ to demonstrate the broadening in the Autler-Townes

splitting signal due to the Van der Waals interaction between Rydberg atoms [133].

6.1 Experimental setup

Figl6.1)(a) demonstrates the schematic of the experimental setup used in the mea-
surements. A comprehensive description of our cold atom experimental setup can
be found in Chapter The cooling beams are red-detuned by 2I' to the cooling
transition of the MOT ({55%, F=2}— {5P%, F' = 3}).

nS/nDs2 / nDsp ————
(b) 32 5/2 1 Ap

(&) %,

Probe /
Rydberg laser

Repump Cooling
Laser Laser

Figure 6.1: a) Experimental setup used to probe the inter-atomic interaction be-
tween Rydberg atoms using trap-loss spectroscopy. b) Energy-level diagram for the
measurement of Autler-Townes spectra.

The repumping laser is locked to the {55%, F=1} — {5Pg, F’ = 2} transition.
The X,Y,Z beams in Fig(a) represent the cooling beams and the repumping
beam is coincided with the Z-cooling beam. The size (Gaussian diameter) of the
cold atomic cloud in the MOT is ~ 700 um. The temperature of the MOT is ~ 200
pK, and it is measured using the time-of-flight (TOF) method (see chaptex] ).

Fig) shows the energy diagram for the Autler-Townes splitting used in this
experiment. The strong cooling laser with intensity ~ 15 I, is used as a coupling
laser to create the splitting into dressed states. The probe (480 nm) laser is derived

from a Toptica TA-SHG pro laser system, and it is aligned along with the Y-cooling
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beam though they are not parallel. The Gaussian diameter of the probe laser beam
is measured to be around 1.5 mm. The frequency of the probe laser is monitored by
a wavelength meter (WS8-2 from HighFinesse). To align the probe laser on to the
MOT, first the probe laser frequency is kept at resonance to any Rydberg transition.
Then the trap loss is maximized at low probe power by slightly adjusting the probe
beam with the mirrors. We monitor the trap loss by observing the fluorescence
from the MOT cloud using an EMCCD camera and an APD (SPCM-AQ4C from
Excelitas), as shown in Figl6.1[(a). The fluorescence detection setup is discussed in
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Figure 6.2: Autler-Townes spectra of {3555} Rydberg state, Q' is generalized Rabi
frequency. Y-scale defined as normalized atom number in the MOT. Two dips in
Autler-Townes spectra corresponding to |+) and |—) dressed states. The generalized
Rabi frequency is set around ' = 27 x 21 MHz.

chapter We capture the Autler-Townes spectra with the APD while scanning
the probe frequency The probe frequency is recorded using the wavelength meter
simultaneously to later convert the Autler-Townes spectra to a frequency scale. The
frequency scanning rate of the probe laser is below 5 MHz/second and the time bin

for APD is set to 0.5 seconds.

6.2 Results and discussion

Fig. shows the typical Autler-Townes spectra corresponding to the 355 1 Rydberg
state. The generalized Rabi frequency is written as Q' = /2 + A2, where (. is

the Rabi frequency of the cooling beam and A, is the detuning of the cooling beam.
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The two dips that arise in the Autler-Townes |135] spectra correspond to the |—)
and |+) dressed states. The asymmetry between the two Autler-Townes dips is due
to the detuning of the cooling laser which acts as the coupling beam.

Figl6.3h) represents experimentally observed Autler-Townes spectra for the states
nS%, where n = 67,77,87,97,107,117. In this measurement, we record the Autler-
Townes spectra by keeping the same generalized Rabi frequency (€ = 27 x 23.71
MHz) and same cooling beam detuning A, of 1.67T", where I' = 27 x 6.01 MHz. The
Rabi frequency of the probe beam is also kept constant at 27 x 5.20 kHz for all the

principal quantum numbers mentioned above.
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Figure 6.3: a) Experimental measurements of the Autler-Townes splitting for various
principal quantum numbers. b) Theoretically estimated Autler-Townes spectra for
the same set of principal quantum numbers.

The Van der Waals interaction between the two Rydberg atoms scales as oc n't,

this interaction induces dephasing which causes broadening in the Autler-Townes
spectra. We can observe the broadening effect at the principal quantum number
starting from n = 97. As the principal quantum number ‘n’ increases, the Van der
Waals interaction is also enhanced, resulting in a larger broadening of the Autler-
Townes spectra.

We use an effective single-atom model to describe the above phenomena. First,
we start with the Lindblad master equation [2.1, which is mentioned in chapter [2|
The time-independent Hamiltonian in a rotating frame for a single atom is given as,

0 Qe 0

H=1Q. —2A, Q,

0 Q, —2(A.+4))
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The decay and the dephasing matrix Lgecq, is written as,

Fegp22 - %Fegpge - %73:097'
Ldecay = _%Fegpeg _Fegpee + Frep'r'r _%(Peg + /73)per
_%73prg _%(Feg + ’73)p7‘6 _Freprr

I';; are the spontaneous decay terms from the state i) to |j), 73 = v, + ') is the
dephasing of the Rydberg state |r), where ~, is introduced here as a Van der Waals
interaction-induced dephasing |136].

{ns,} n 7)

Probe, 480 nm

{5Py, F' = 3} : )

Coupling, 780 nm
{551, F =2} 9)

Figure 6.4: Energy diagram for the Autler-Townes splitting of 87 Rb

Given that our measurement time is in the range of a few milliseconds, we con-
sider the steady-state solution of the Lindblad master equation. From the steady-
state solution, fr = p,, is the fraction of atoms excited to the Rydberg state. For
our experiment, we are measuring the number of atoms in the MOT by observing
the fluorescence, so 1 - fr is the fraction of atoms remain in the trap after Rydberg
excitation. The term «(1 — fg) is fitted to the experimental data as a function of
the probe detuning A,. ~, and A, are used as free parameters for the fitting. A,
is taken as a free parameter as effect of the interaction is to shift the cooling beam
detuning [137]. We put the value of «a externally to match the fraction of atoms

with the experimental data.
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The values of v, and the shift in the detuning A, are determined by minimizing
the Binary Cross-Entropy loss function. The Binary Cross-Entropy loss function is

defined as,
1 €] eo ex eo
L=< lyi™logy"™ + (1 — yi")log(1 — yi"**)] (6.1)

P

where N is the number of sample, y;"" is the fraction of atoms remaining in the

MOT. The term " indicates the theoretical values of 1 — f at the specific probe

)

detuning where the experimental data is collected.
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Figure 6.5: (a) Linewidth of the red-detuned and blue-detuned peaks of the Autler-
Townes spectra vs n. (b) Dephasing rate vs n, obtained by optimizing Binary
Cross-Entropy loss function.

Figl6.5(b) shows the variation of the dephasing rate as a function of ‘n’, deter-

mined by the aforementioned optimization method.

6.3 Summary

We measure the Autler-Townes spectra for a range of principal quantum numbers.
We observe that the Autler-Townes peaks are separated by the generalized Rabi
frequency (£2'). The Van der Waals interaction between the Rydberg atoms in-
duces the dephasing in the Rydberg states, which causes the broadening of the
Autler-Townes spectra. We observe an asymmetry in the Autler-Townes spectra,
with the red-detuned peak (left peak in Figl6.3(a)) being more affected due to the
inter-atomic Van der Waals interactions. We investigate this phenomenon using

theoretical modelling and numerical simulation.
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CHAPTER [/

Rydberg-excitation mediated trap-loss spectroscopy

This chapter presents the experimental results of the Rydberg excitation of trapped
atoms (3"Rb) in the Magneto-optical trap (MOT). We use two-photon excitation
scheme to realize Rydberg atoms in the MOT. Our scheme involves the excitation
pathway for the three-level ladder-type system: {5S%F =2} — {5P%F/ =3} —
{nS%}. First, the atom is excited from the {55%, F = 2} state to the intermediate
state {5Pg , F" = 3} using a far-detuned 780 nm laser beam. Finally, the excitation
to the Rydberg state is performed using a 480 nm laser beam. Two-photon exci-
tation in a three-level system using two resonant or near-resonant light fields can
realize coherent processes such as Electromagnetically Induced transparency and
Autler-Townes splitting [138]. Once the atoms are in the Rydberg state, they will
be out of the laser cooling cycle in the MOT and eventually would get lost from
the trap. This is called trap-loss spectroscopy. Trap loss spectroscopy is a useful
technique for measuring Autler-Townes spectra, probing interatomic interactions,

and the detection of Rydberg atoms. The effect of Rydberg excitation is as follows

dN

= = B (v rga) N+ BN(N — 1) (7.1)
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where, N is number of atoms in the MOT, R is the loading rate of the MOT, ~ is
the loss rate of a single body, Yryq is the decay rate due to Rydberg excitation, and
[ is the loss rate due to two-body collisions. Neglecting (3, at steady state, the ratio
of the number of atoms with Rydberg excitation to the number of atoms without

excitation is expressed as follows,

<N>Ryd _ v (72)

(Mo (v +Yrya)

Assuming the loading rate (R) is the same for both cases, it can be observed from

Eqn. that the number of atoms is reduced by a factor of @

In this chapter, I describe our measurement of the trap-loss spectra for Ryd-
berg states with various principal quantum numbers states (n = 48, 68, 78) for the
same set of Rabi frequencies of the excitation beams and the excitation times. We
demonstrate that the fractional number of atoms lost from the trap increases with

the principal quantum number (n) of the Rydberg state when the Rabi frequency

and the excitation times are kept at fixed values.

7.1 Experimental setup

In this chapter, we perform experiments on cold atoms trapped in a magneto-optical
trap (MOT). The experimental setup for the MOT is discussed in chapter . We
use far-detuned 780 nm and 480 nm laser beams to excite the atoms from the
ground state {5Sé,F = 2} to the Rydberg state {nS%,F” = 2}. The 780 nm
laser is blue-detuned relative to the {55%, F =2} — {5P%, F" = 3} transition by
482 MHz and the 480 nm laser is red-detuned by the same amount relative to the
{SP%,F’ =3} — {nS%,F” = 2} transition, to achieve the two-photon transition

resonant from the ground state to the Rydberg state.

7.1.1 Excitation laser

Fig[7.T]illustrates the schematic used for shifting the frequency of the 780 nm laser.
The laser output is taken from a Toptica DL100 ECDL (External Cavity Diode

93



Laser). After the optical isolator, the laser power is divided into two parts by using
a polarizing beam splitter (PBS1 in Fig[7.1)) and a Half Wave Plate (HWP2) plate:
one part is directed to the saturation absorption spectroscopy (SAS) setup used for
frequency stabilization of the laser, and the other part is directed to a frequency
shifting setup, where the laser frequency is shifted using a double pass through an
AOM (acousto-optic modulator). We use an AOM with carrier frequency 250 MHz
from AA Opto-Electronic (model: MT250-B100A0.5-800) for the same.

LASER
780 nm HWP 1 Isolator HWP2 PBS1 SAS setup

Fiber

M1
coupler

QWP1 L2 AOM L1 PBS 2 M2

Figure 7.1: Schematic for frequency shifting of the 780 nm laser. HWP1, HWP2,
HWP3: Half wave plate, QWP1: Quarter wave plate, AOM: Acousto Optic Modu-
lator, PBS1, PBS2: Polarizing Beam Splitter, M1, M2, M3: mirror, SAS: Saturation
Absorption Spectroscopy, L1 and L2: Lens

The AOM is placed at the focus of the telescopic lens system (L1 and L2) with
focal length of 10 cm each to improve the efficiency of the AOM double pass. We use
the mirror (M1) to reflect the +1 order of the first-pass diffraction pattern back into
the AOM for the second pass. The Quarter Wave plate (QWP) is used to control
the power of the +1 diffraction order of the 2nd pass at the polarizing beam splitter
(PBS2) output. The output is then coupled to a polarization maintaining single
mode optical fiber. The center frequency of the AOM is set at 241 MHz, so the total
frequency shift of the laser is +482 MHz after the double pass. The laser frequency
is locked to {58%, F=2— 5P%,F’ = 3} transition using Saturation Absorption
Spectroscopy (SAS). After the AOM double pass, the 780 nm laser frequency is
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blue-detuned by 482 MHz to the {58%, F=2—=5P F = 3} transition.

Fig[7.2] illustrates the schematic for shifting the frequency of the 480 nm laser.
The laser output is split into two parts using a half-wave plate (HWP2) and a
polarizing beam splitter (PBS1) as shown in Figl7.2): one part is directed to the
vapor cell experiment setup which is discussed in chapters [3] and [, and the other

part is directed to the cold atom experimental setup.

480 nm TA SHG pro
HWP1
2 4
Isolator e —————
Waveleng
HWP2
Vapor cell
PBS1 experiment
M1 HWP3 PBS3
—) Fiber
QWP L2 aAOM L1 PBS2 HWP4 coupler
Vacuum
! chamber

Figure 7.2: Schematic of the 480 nm laser utilized for frequency shifting and switch-
ing on/off of the laser. HWP1, HWP2, HWP3 : Half Wave Plate, QWP: Quarter
Wave Plate. PBS1, PBS2, PBS3: Polarizing Beam Splitter. L1 and L1: lens with
focal length 10 cm. AOM: Acousto Optic Modulator.

We use an AOM from AA Opto-Electronic (model: MT250-B100A0.5-400) for
frequency shifting in a double-pass arrangement, and we utilize the -1 diffraction
order for the same.

Since the 780 nm laser is blue-detuned by 482 MHz, the 480 nm laser is red-
detuned by the same amount for the Rydberg excitation from the ground state
({55%, F" = 3}) to the Rydberg state ({5P%, F" =2}). A small portion of the light
is fed to the wavelength meter (from HighFineese, WS8-2) by using a PBS (PBS3)
and a HWP (HWP4) to monitor the laser frequency during the experiment. The
transition frequencies of Rydberg states are measured and reported in chapter 3 we
tune the frequencies corresponding to the Rydberg states from these measurements.

The lenses (L1 and L2, focal length 10 cm) in telescopic configuration are used to
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improve the efficiency of diffraction to the -1 order. The mirror M1 is used to reflect
back the -1 order of the diffraction back into the AOM for the second-pass. The
QWP (Quarter Wave Plate) is used to maximize the power at the PBS2 output.

Fig|7.3| shows the typical energy diagram of the two-photon excitation. The
detuning is A, = +482 MHz. The laser power to the experiment is controlled by a
HWP (HWP4).

ns;,

F'=2

480 nm

SPy/

780 nm

5s,2 F=2

Figure 7.3: Two-photon excitation scheme, A, is detuning of the laser from the
transition to the intermediate state {5P;, F" = 3}.

Fig[7.4] shows the experimental setup including the imaging setup used for the
experiments described in this chapter. The imaging setup is discussed in chapter 5]
The same EMCCD camera (PhotonMax-512 from Princeton Instruments) is used to
record the images of the atoms using fluorescence imaging. A beam spliiter (BS) is
used to divide the MOT fluorescence into two parts: one part is sent to the EMCCD
camera, while the other part is sent to the fiber coupler and then connected to the
Avalanche Photo Diode (APD). We use the APDs to confirm the trap loss by two-
photon excitation as we scan the 480 nm laser frequency, which is monitored by the
wavelength meter (see Fig|7.2)).

The 480 nm laser is focused to the MOT center by using an A-coated lens of 30
cm focal length. The beam waist is measured by a scanning-slit beam profiler (from

Thorlabs) outside the vacuum chamber keeping the same distance as it is from the
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lens (L3) to the MOT center. The beam waist of the 480 nm laser beam is 250um.
On the other hand, the 780 nm laser beam is collimated and aligned through the
MOT. The beam diameter of the 780 nm laser beam is measured to be around 1.2
mm. As the 780 nm laser is blue-detuned, it will not interact (without the 480 nm
laser) with the atoms in the MOT. Hence, to align the excitation lasers (780 nm
and 480 nm) on the MOT, we use another laser (called probe laser) with frequency
tuned to the MOT cooling transition frequency ({551, F = 2 — 5P3, F' = 3})
and has the same beam diameter as the excitation 780 nm laser. First, the probe
beam is symmetrically aligned with the MOT by observing the fluorescence in the
vacuum chamber. This is achieved using two standard CCTV cameras positioned
perpendicularly to each other. When the probe laser is aligned with the MOT, the
trapped atoms will experience the radiation force due to the probe laser and will
be lost from the MOT. After that the fine alignment is done by reducing the probe
power and adjusting the horizontal and vertical adjustment screws of the mirrors.
For our case, we observe that the trap-loss occurs at minimum 14 pW of probe
power. Then the excitation lasers are aligned by coinciding their Gaussian centers

with the probe laser.

Atoms in MOT
_J Fiber
Coupler

EMCCD
Camera

Figure 7.4: Schematic of the setup used for Rydberg excitation. For imaging setup:
see chapter 2] L3: A-coated lens used for focusing the 480 nm laser. X,Y: MOT
cooling beam (Z MOT beam is not shown in the figure.)

Further optimization of the alignment is done with the help of mirrors (not shown
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in the figure) and simultaneously monitoring the trap-loss in the APD signals at the
two-photon resonance condition.
Both of the excitation lasers (780 nm and 480 nm ) are aligned in counter-

propagating direction to reduce the Doppler shift.

Switching circuit

All the instruments used in the experiment are controlled by the LabVIEW software,
which is interfaced with an NI PCle-6363 card, it is capable of generating pulses as
short as 1 ps. AOM’s are switched on and off by SPDT switches (ZX80-DR230-S+)
from Mini-Circuits. It has a switching time of 1 ps. We utilize an IGBT (Insulated
Gate Bipolar Transistor) circuit to control the magnetic field for switching on and
off. The switching-off time of the IGBT circuit is measured to be around 400 pus.
The fast switching-off time of the magnetic field is important in the sub-Doppler
cooling stage. The details of the IGBT circuit is discussed in appendix [A]
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Figure 7.5: IGBT switching circuit
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7.2 Results

Fig[7.6|demonstrates the time sequence of the Rydberg excitation used in the MOT.
The MOT is loaded for 15 seconds. Hence, the cooling beams, repumping beam and
the MOT anti-Helmholtz coil are switched-on for 15 seconds. The duration of the

excitation pulse (780 nm and 480 nm) is 7 ms.

15000ms

corgs N

Repumper

vor nagner T

field —T—

Rydberg
excitation

Imaging

Camera

100pus

Figure 7.6: Time sequence of the Rydberg excitation using LabVIEW.

The camera exposure time is set to 100 pus. We are using the same cooling and
the repumping beams as imaging beams which are switched-on simultaneously with
the camera i.e the pulse duration of the imaging beams is synchronized with the
camera’s exposure time. To calculate the fractional number of atoms lost from the
trap due to the Rydberg excitation, we first run the time sequence (Fig without
switching on the Rydberg excitation beams and calculate the number of atoms (V)
in the MOT from the image taken by the EMCCD camera (PhotonMax-512). Next,
we run the time sequence with Rydberg excitation and determine the number of
atoms (Ng) remaining in the trap due to Rydberg excitation, using the image taken

by the camera. The fractional number of atoms remaining in the MOT is calculated

Nr

N Since, we are

as %—’;, so the fractional number of atoms lost from the MOT is 1 —

calculating the fractional number of atoms remaining in the MOT due to Rydberg

Ng _ Cn

N = o where Cy and Cg represent the pixel counts of

excitation, we use the ratio

the images without and with Rydberg excitation, respectively. The delay between
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the MOT switching off and the imaging time is set to 0.5 ms, as the blooming effect
of the camera cannot be reduced below this delay. We notice that the blooming
effect is arising due to the saturation of the pixels in the EMCCD camera as the
photons are collected from a dense MOT, it only vanishes once the density of the
atoms reduces below a certain value in the time of flight process. So the delay time
(0.5 ms) is set accordingly. We are also switching off the MOT to make sure that
no additional atoms are loaded into the MOT after the Rydberg excitation.

7.2.1 Trap loss versus excitation time

In this measurement, the trap loss due to the Rydberg excitation is measured vs
various excitation times while keeping the effective Rabi frequency constant at three
different values. The same measurement is repeated for three different Rydberg
states 485%, 685% and 785%. The excitation times are varied from 1 ms to 600 ms.
Although, we can observe the Rydberg excitation within a time scale of a few tens
of microseconds, the blooming effect of the camera limits us to quantify certain
measurements.

Fig. a) illustrates the fractional trap loss due to Rydberg excitation across
various excitation times at a two-photon effective Rabi frequency of 27 x 11.75
KHz. It is clear from Fig.) that for observable trap loss, a higher excitation
time is necessary for low principal quantum number ‘n’. For n = 48, the trap loss
can be observed around an excitation time of 200 ms. In comparison, for the n = 68
and n = 78 states, trap loss occurs at a shorter excitation time of approximately 50
ms.

Fig.) presents the same measurements, but this time the Rabi frequency is
increased to 27w x 20.36 KHz, as a result, the trap loss is observable at a shorter
excitation time (100 ms for n = 48 and 1 ms for n = 78 ). At longer excitation
times, the trap loss for higher Rydberg states saturates to maximum value of 90%.

Fig{7.7c) demonstrates the at higher effective two-photon Rabi frequency as com-
pared to the earlier two cases. In this case, the Rabi frequency is set at 27 x 31.11
KHz. In this case, the detectable trap loss can be observed at 1 ms excitation time
for n = 48,68 and 78. At longer excitation time (> 500 ms), the fractional trap loss
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for n = 68 and n = 78 saturates to 90%.

From the above measurement, it is clear that the fractional trap loss due to
the Rydberg excitation grows exponentially with the excitation time and saturates
to certain values. Another interesting thing to note is that for a given excitation
time such as 300ms in Fig{7.7a), the fractional trap loss increases with the principal
quantum number (‘n’) of the Rydberg state. I will discuss this effect in the later

part of this section.
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Figure 7.7: Fraction of atom loss vs excitation time. Excitation times are varied
from 1 ms to 600 ms. a)effective Rabi frequency fixed at 27 x 11.75 kHz. b)Rabi
frequency of 27 x 20.36 kHz. c¢)Rabi frequency of 27 x 31.11 kHz. The measurements
are shown for n = 485, n = 685 and n = 78S Rydberg states represented by the
solid red-colored circles, the solid green-colored rectangles, and the solid green-
colored triangles, respectively.

7.2.2 Trap loss versus Rabi frequency

In this type of measurement, trap loss is recorded at various Rabi frequencies, with
the excitation time held constant for the same set of Rydberg levels as mentioned
in the previous section.

Fig. a) depicts the trap loss across various Rabi frequencies at excitation time
of 100 ms for the 485,685 and 785 Rydberg states.
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Figure 7.8: Fraction of trap loss at various Rabi frequencies. a) at excitation time
of 100 ms. b)excitation time of 200 ms. c¢) at excitation time of 400 ms. The
measurements for n = 48, n = 68 and n = 78 Rydberg states are represented by
the solid red-colored circles, the solid green-colored rectangles, and the solid green-
colored triangles, respectively.

The values of the two-photon effective Rabi frequencies are varied from 27 x 8.31
kHz to 2w x 31.11 kHz. We observe that the detectable amount of trap loss for 485
state begins at 27 x 20 kHz. In comparison, trap loss for 685 and 78S occurs at
lower Rabi frequency of 27 x 8.31 kHz.

Fig[7.8|b) and c) represent the trap loss vs Rabi frequency for excitation times
of 200 ms and 400 ms, respectively. It is evident that even if the excitation times
are extended from 100 ms ( in Figf7.8h) ) to 400 ms, the trap loss of 485 does not
saturate like it does at higher Rabi frequencies for high Rydberg states of 685 and
78S. The important thing is that if the Rabi frequency and excitation time are kept
at fixed values for all principal quantum number ‘n’, the trap loss is dependent on
‘n’, and it is obvious from Fig[7.§ that the trap loss increases with ‘n’. Additionally,
it is also clear that the fractional trap loss increases exponentially with the Rabi

frequency.
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7.2.3 Trap loss versus detuning

Fig[7.9 demonstrates the trap loss at various detunings of the two-photon transition

frequency.
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Figure 7.9: Trap loss vs two photon detuning: the solid red-colored points represent
the data for 485, the solid green-colored circles represent data for 685 state and the
blue-colored triangles represent 78S state.

The detuning of the 480 nm light is varied across the two-photon resonance and
monitored using a wavelength meter, as shown in Fig[7.2] The effective two-photon
Rabi frequency is kept at 27 x 31.11 kHz for all the three measurements. Another
point to note is that while comparing the trap loss at various detunings for different
‘n’ values in Fig{7.9, we maintain the excitation at 400 ms for 485 state, while
keeping the excitation time at 200 ms for 685 and 78S states. This is because the
trap loss versus detuning at excitation time of 200 ms is observed to be very noisy.
The linewidths of the trap loss are determined by fitting the Gaussian function and
for 485 state, the linewidth is approximately 27 x 10 MHz, while for 685 and 78S
the linwidths are determined to be 27 x 16 MHz and 27 x 17 MHz, respectively.

7.2.4 Discussion and Summary

The density of atoms in our MOT is =~ 10° atoms/cm3. The average distance

between the atoms ~ 10 um. The interaction between typical cold atoms in the
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MOT at this distance is weak. However, Rydberg atoms possess a very high dipole
moment (o< n?) ([34,35]), so the interaction between Rydberg atoms at this distance
is strong enough to be observable. Because of the strong dipole moment, two types
of inter-atomic interactions are possible: one is resonant dipole-dipole interaction
( [59,60]) and the other is off-resonant Van der Waals interaction (see chapter [2| for
details). For a typical MOT size of 500 pm and a MOT temperature of 200 k<, the
created Rydberg atoms generally take on an average a few ms to leave the MOT
region. Hence, setting the excitation time in ms time scale for studying trap loss is
intuitively understandable. Another important reason for the trap loss is possibly
the creation of ions in the trap as the excitation beam is switched on more than three
order of magnitude times the life time of the Rydberg atoms. Black-Body Radiation
(BBR) at 300 K plays an important role for direct photo-ionization [139H141] of
Rydberg atoms or redistribution [142] of atoms to other Rydberg states. However,
BBR induced ionization can only affect [141] the states with n < 40. For n > 50,
the resonant dipole-dipole and off-resonant Van der Waals interactions are crucial
factors in the creation of ions and plasmas in the MOT. It is shown in reference [143]
that attractive dipole-dipole interactions can lead to the inter-atomic collisions to
create hot atoms and ions, ions then evolve into plasma. A similar role of attractive
long-range Van der Waals interactions is evident in the production of ions [144]. In
the same reference, it is also demonstrated that repulsive Van der Waals interactions
play a significant role in producing ions over much longer time periods compared to
the attractive interactions. The reason may be that BBR redistributes the atoms
from repulsive potentials to attractive potentials. Here I have shown in Fig/r.10|
that trap loss increases with ‘n’ for the same Rabi frequency of 27 x 11.75 kHz and
the same excitation time of 400 ms. A possible reason could be the effect of Van
der Waals interactions creating ions, which enhances the losses with increasing ‘n’.
Another possible reason may be the direct creation of ions due to the long exposure
of 480 nm light during the two-photon excitation process. Another improvement in
the experiment would be to install a micro-channel plate detector (MCP) inside the
vacuum chamber to directly measure the ions.

A recent study performed by Saakyan et al. [145] shows that the presence of
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ions can be detected indirectly by measuring the frequency shift due to the Rydberg

excitation at different excitation times. In our experiment, the measurement of fre-
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Figure 7.10: Trap loss versus principal quantum number ‘n’ of the Rydberg state.
The two-photon effective Rabi frequency is fixed at 27 x 11.75 kHz and excitation
time is kept at 400 ms.

quency shift at longer excitation times can be performed. We are currently working
on locking the 480 nm laser to an ultra-stable cavity from Stable Laser System. In
future, we may revisit the same measurement after achieving the cavity lock. We are
also in the process of developing the theory regarding the aforementioned behavior
of trap loss.

In summary, we have performed the trap loss of 8 Rb in a MOT. We measure
the trap loss versus the excitation time as well as the two-photon effective Rabi
frequency. The same measurement is repeated for different Rydberg states of 485,
68S and 78S. Then I finally show that the trap loss increases with ‘n’ for fixed Rabi

frequeny and fixed excitation time.
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CHAPTER 8

Summary and future Perspective

8.1 Summary

In this section, I will provide a concise summary of all the work described in the
various chapters of this thesis.

This thesis is started by introducing basic theoretical descriptions of atom-photon
interaction that results in coherent phenomena such as Electromagnetically Induced
Transparency (EIT) and Autler-Townes Splitting (ATS) effects. The Lindblad mas-
ter equation can be used to investigate both the phenomena. Then, I introduce
the properties of Rydberg atoms such as large dipole moments, long lifetimes, and
different types Rydberg interactions which leads to the phenomenon known as the
Rydberg Blockade.

We use EIT spectroscopy to measure the transition frequencies of highly excited
Rydberg states. From this measurement, we determine the the quantum defects
of S and D orbitals. The transition frequencies are measured with respect to the
{5P%,F " = 3} hyperfine state with an accuracy < 2 MHz. We employ lock-in
detection technique to improve the signal to noise ratio of the Rydberg EIT signal.

This measurement provides us an accurate knowledge of the Rydberg levels, which is
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essential due to the various applications of Rydberg atoms in Quantum technology.
All the experimental details are explained in chapter [3]

In chapter [3| we have used EIT spectroscopy of a three ladder level type sys-
tem in a counter-propagation configuration to measure the transition frequencies
of Rydberg levels. This configuration is used so as to reduce the effect of Doppler
shift on the EIT signal. However, we perform quantum magnetometry in both
counter-propagating and co-propagating configurations. We compare the effect of
Doppler shift on Rydberg EIT in both the configurations. We observe that the
co-propagating Rydberg EIT signal is broader than that of the counter-propagating

one. The ratio of their linewidths is |w”+w°

| =~ 4.2. The Doppler shift also reflects on
the Zeeman splitting of the Rydberg EIT signals in the presence of magnetic field.
We report that the Rydberg EIT signal in the co-propagating configuration shows
an enhanced response to the magnetic field as compared to that in the counter-
propagating configuration. The ratio of their response to the same magnetic field

M| The experimental measurements as well as the results of the theoretical

is |
modelling are provided in chapter [4]

Chapter |5 provides the details of the experimental set for cooling and trapping
atoms in a Magneto-optical trap (MOT) and optical dipole trap. I have also dis-
cussed the experimental technique to measure the temperature of the cold atoms.
We perform sub-Doppler cooling of cold atoms trapped in MOT. The temperature
of the cold atoms after the sub-Doppler cooling is measured to be around 25 pkK.
We are in the process of optimizing it further to reduce the temperature to lower
values as it will improve the lifetime of atoms in the dipole trap. I have discussed
the process of trapping single atoms in the dipole trap as one of our future objectives
in our experiment is to trap single atoms in a array of optical tweezers.

Rydberg atoms have high dipole moments and hence they have strong dipole-
dipole and Van der Waals interactions. We record the Autler-Townes splitting (ATS)
of different Rydberg states by varying the principal quantum numbers of the Ry-
dberg states. The Van der Waals interaction between Rydberg atoms varies as
x n'!, ‘n’ being the principal quantum number. We observe that the recorded ATS

spectra show broadening effects as the principal quantum number is increased. We
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investigate theoretically that the broadening is happening as a result of increasing
dephasing rates of the Rydberg states due to the enhanced Van der Waals interaction
between Rydberg atoms. The measurements are described in chapter [6]

Chapter [7] provides the study of Rydberg excitation mediated trap loss spectra
in cold atoms. In this chapter, we use two-photon excitation scheme for exciting the
atoms to the Rydberg states. OThe Rydberg excitation causes loss of atoms from
the trap. We record the trap loss by varying effective two-photon Rabi frequency
(keeping the excitation time at constant value) and varying the excitation time
(keeping the effective two-photon Rabi frequency at constant value). We repeat the
same experiment at different principal quantum numbers and show that the trap
loss increases with the principal quantum numbers when effective two-photon Rabi
frequency and excitation time are kept at fixed values. The possible reasons for this

behavior have been discussed in chapter [7]

8.2 Future perspective

This section is dedicated to the future plans and novel experiments to be performed
in our experimental setup. We have performed quantum sensing of magnetic field on
room-temperature atoms using a three-level ladder-type system in a co-propagating
and counter-propagating configurations. We observe that the Rydberg EIT in the
co-propagating configurarion has enhanced response to the magnetic field as com-
pared to the Rydberg EIT in counter-propagating configuration. However, one dis-
advantage is that the linewidth of the co-propagating EIT signal is 4.2 times more
than that of the counter-propagating EIT. An improvement in this direction will be
to reduce the linewidth of the Rydberg EIT signal in the co-propagating configu-
rarion to improve the measurement of the magnetic field by incorporating different
coupling beams with Laguerre-Gaussian modes [146].

In this thesis, cold atom experiments are performed in a Magneto-optical trap
(MOT). Our subsequent plan is to trap the cold atoms in a dipole trap or optical
tweezers. We will use far-off resonant trap (FORT) with the trapping laser having

a wavelength of 852 nm. Our vacuum chamber is equipped with a pair of HNA
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(high numerical aperture) lenses to focus the far-off resonant laser beam to sub-
micron size and the atoms will be trapped in a maximum light shift region which
is corresponding to the maximum intensity. We have also achieved sub-Doppler
cooling of atoms in the MOT. We aim to load the atoms in the dipole trap after the
sub-Doppler cooling stage. Our first goal is to trap atoms in a dipole trap before
going to single atom trapping in an optical tweezer. We recently procured a Spatial
Light Modulator (SLM) from Meadowlark Optics (XY phase series, 8 bit) for this
purpose. SLM works by using liquid crystal technology, where refractive index of
the individual pixels (liquid crystal) can be controlled by applying voltage. In the
near future, we plan to use the SLM [147] to generate an array of optical tweezers
for trapping single atoms. This will help us to implement high fidelity quantum
gates for quantum information processing and computing. Single atoms in an array
of optical tweezers is a great platform to simulate [148,/149] real-world complex

systems [41}46].
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APPENDIX A

Switching circuit for MOT coils

A.1 1IGBT switching circuit

IGBT switching circuit is based on a IGBT (Insulated Gated Bipolar Transistor)

transistor, the transistor is used for high speed switching.
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Figure A.1: IGBT switching circuit

The switching circuit consists of mainly two modules: one is IGBT transistor
(Mitsubishi CM200-DU-12F) and another is IGBT driver (M57962L). IGBT driver

is used to convert logic input signals (0 volt: low, +5 volt: high) into optimal
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voltages (-12 volt and +15 volt, respectively) to drive the IGBT module. The IGBT
module is switched on if the output voltage of the IGBT driver is +12 volt. Another
function of the IGBT driver is to isolate the input signals from the driver with the
help of fast optocouplers which have 15000 V/ms common mode transient immunity.

Different types of surge voltages are appeared when the IGBT is switched off
suddenly.

e Back EMF

Each of our magnetic coils has 26 layers and 26 turns in each layer. The total
resistance and inductance of each coil are 5 ohms and 30 mH, respectively.
The back emf is generated due to the sudden switch off of the circuit is e =
—L%. We use a fast switching diode and low resistance (which also has low
inductance) in series across the coil to suppress the back emf. The diode is

also called free-wheeling diode, and it is used in reverse bias.

e Surge voltage across the IGBT

There is another possibility of generation of high voltage across the IGBT
because of its parasitic inductance (Lp). In a similar way, the surge voltage
is proportional to —Lb% A RCD (resistor-capacitor-diode) snubber circuit is

used to suppress thesudden voltage spikes.
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APPENDIX B

Cooling and Repumper SAS

Cooling
manifold

F=2

582
: F=1

Figure B.1: Cooling manifold of 8" Rb atom, dotted arrows are cross-over transitions.
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Figure B.2: Repump manifold of 8" Rb, dotted arrows are used to indicate cross-over
transitions.
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APPENDIX C

Simulation for other polarizations of probe and coupling laser

In Fig. we show the response for the ot-z and xz-o* polarizations. For the
former, the steady state is almost identical to that of the oT-0~ case discussed in
the main text. Hence, both counter- and copropagating configurations exhibit a
single peak given by Eq. . For the latter, the steady state is close to that of
the o~-0™ case, so we see a single dominant peak in both configurations; however,
we can also discern a satellite peak for the counterpropagating case resulting from
other two-photon resonances. Note that such a peak was observed in the experiment
for the 07-0 setting [see Fig. |4.8(b)], which we attribute to an imperfect alignment
of the lasers.

Figure shows when the probe is 7 polarized (parallel to the magnetic field)
and the coupling laser is linearly polarized, the counterpropagating arrangement
produces multiple peaks whereas the copropagating case exhibits only two shallow
peaks. Now the dominant contribution comes from paths with m% = 0, m$% = 0
and m’; = +£1/2 (cf. Fig. , hence from Eq. the central peak separation is
comparable in the two cases. This example illustrates the response can be sensitive

to the polarizations.
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Figure C.1:  Steady-state difference susceptibility with A, = —36 MHz for o-
z (left) and z-o™ (right) polarizations. For o'-x the peak follows A,(B) from
Eq. (4.19). For z-0" the dominant peak follows A,(—B); the other line is obtained
from Eq. with (m%, m$%, m’;) = (=1, —2,1/2) for counterpropagating (green)
and (0,1, —1/2) for copropagating (blue) geometries.

C.1 Parameter values used for measurements and
numerical simulations

The power and beam radius of the probe laser were set to 0.015 mW and 699
pm, respectively. For the coupling laser we used a beam radius of 731.5 um for
copropagating arrangements and 1227 pm for counterpropagating arrangements.

Table lists the values of the coupling laser power used for the different cases.
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Figure C.2:  Steady-state difference susceptibility with A. = —36 MHz for =-

7 (left) and 7z (right) polarizations. For both counterpropagating (green) and
copropagating (blue) cases the vertical lines tracking the peaks are obtained from

Eq. (4.18) with (m%, m%, m7) = (0,0, £1/2).
F F J

Table C.1: Coupling laser power P, used in different plots.

Figure Arrangement P. (mW)
Figured. 4 | T'=0 220
Figure 1.6 Counterpropagating 50
Figure 1.6 Copropagating 250
Figure E Counterpropagating 220
Figure 4_8 Copropagating 220
Figure 4.9 Counterpropagating 20
Figure 1.9 Copropagating 150
Figure |C.1| | Counterpropagating 20
Figure |C.1| | Copropagating 150
Figure |C.2| | Counterpropagating 20
Figure [C.2| | Copropagating 150
Figure 4.5. Counterpropagating 20
Figure 4.5 | Copropagating 150
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