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Abstract

In this thesis, we report for the first time, the measurement of intrinsic spin-coherences
from an ensemble of a cold rubidium atoms using non-invasive Faraday rotation fluc-
tuation measurements. We employ off-resonant Raman coupling between the Zeeman
states of a ground hyperfine level of rubidium atoms in a magneto-optical trap (MOT)
to enhance the spin-coherences, and thereby detect it non-destructively using a far off-
resonant probe laser field. We have developed a comprehensive theoretical model based
on optical Bloch equations (OBE) to study the characteristics of the Raman driven
spin-coherences, and find a way to measure the quantity - intrinsic spin-relaxation rate
(7') of the system under investigation. First, we have implemented the Raman driven
technique to characterize the measurement methods in thermal rubidium atoms. We
have compared the extracted value of 7' using Raman driven technique, with a sepa-
rate measurement done using intrinsic spin noise spectroscopy (SNS) [1-5] technique.
We have demonstrated a good qualitative and quantitative agreement in measuring ~/'
between these two techniques in thermal rubidium atoms. After this characterization,
we have moved to the cold atom measurements, and implemented this technique to
extract the value of intrinsic spin-relaxation rate, 7'

Spin is a unique characteristic of the subatomic particles, such as electrons and nu-
cleus (protons and neutrons) of an atom. Measurements of electronic spin properties
of a system, in particular its lifetime in an energy state and de-coherence rate, is the
backbone of understanding its interactions with various potentials, and applications to
metrology purposes. Our novel detection technique non-invasively probe the intrinsic
spin dynamics of a system with much longer duration than its characteristic time and
provides valuable information about the physical properties of the system. This detec-
tion method have significant potential applications for precision magnetometry [6, 7],
high-resolution imaging [8-12], non-invasive probing of quantum phase transitions [13—
16] in cold atoms and other similar systems, e.g., cold ions, cold molecules. In this
thesis, we indicate all these possibilities using cold atom spin-coherence measurements
by our theoretically developed and experimentally demonstrated non-perturbative de-

tection technique.
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This thesis work had been started, mainly focusing on detecting the intrinsic spin-
coherence in the cold and ultra-cold atomic systems to develop a non-perturbative spin
based imaging technique for similar systems. However, prior to this thesis work, the
measurements of intrinsic spin-coherence using the SNS technique had not been per-
formed in the cold atoms. Nevertheless, our technique of Raman driven SNS, mentioned
earlier, predicts several orders of magnitude enhancement in the atomic spin-coherence
between the adjacent Zeeman states in comparison to their intrinsic signal. Such a
huge enhancement in the signal strength made it possible to detect the Raman driven
signal from cold atoms. With the help of our theory and from the measured Raman

driven spectrum, we have extracted the value of o’ of the cold atomic sample.

In the cold atom experiments, we have trapped more than 107 ®*Rb atoms at
150 pK temperature from a vapor loaded MOT inside a glass chamber maintaining
background pressure of 10~!* mbar. The cooling beams were generated from an external
cavity diode laser (ECDL) and frequency stabilized to the 12 MHz red detuned with
respect to 5S1/2, F' =3 — 5P5), F' = 4 (D,) transition. The ‘repumping’ laser beams
were derived from another ECDL and frequency stabilized to the 551/, F = 2 —
5Py /2, F' = 3 (Dy) transition. A pair of magnetic coils in anti-Helmholtz configuration
produces the required spatial magnetic field gradient. We coincided the optical and
magnetic field centers with an accuracy of ~ 30 um. Thereafter, we coherently drive
the trapped cold atoms in F' = 3 hyperfine level using a pair of phase coherent Raman
radiation fields with laser frequency detuned by 27y (7 is the natural line-width of
the excited hyperfine level) in blue side from the 552, F = 3 — 5Ps5, [ = 4 (D,)
transition of ®Rb (see Fig. 1(b)). The driving fields create coherence between the
consecutive Zeeman states in F' = 3 hyperfine level, and dispersively detect the spin
coherence at the two photon detuning (d12(= (ws1 — ws2)/27), where wg(wge) is the
frequency of the Raman field 1 (2), respectively) of the Raman fields on the polarization
states of the linearly polarized probe laser field, see Fig. 1(a) (inset). The probe laser
field is kept at the 20 blue detuned away from the same transition to minimize the
scattering rate. We subsequently vary the ;5 while keeping one of the Raman field
frequency fixed. We have explored the response of the spin-coherence in a wide range
of frequency span. The response at each 015 is a delta peak (whose width is limited by
the relative frequency stability of the Raman fields during the measurement duration)
with strength determined by the second order correlation of the density matrix formed
by these Zeeman state coherences. The composite spectrum over a wide frequency

span represents the Raman driven spin-coherence signal from cold atomic cloud.

We have repeated the experiment for many runs, recorded the peak strength at

each 019, and plotted the average value of peak strength in terms of frequency d15. We
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Figure 1: Cold atom spin-relaxation rate (7') measurement using Faraday rotation
fluctuation measurements. (a) Schematic diagram of the experimental set-up for the
measurements, (a-inset) Raman coupling scheme used in these experiments. (b) energy
level diagram for ®®Rb atom, (c) recorded representative envelope spectrum for the
arrangement of the probe laser position depicted in (d). (c-inset) representative spin-
correlation signal of cold atoms at 615 = 2.73 MHz.

have done the experiment for various positions of the probe laser field to come across
different magnetic field distribution within the cold atomic cloud. A representative
spectrum is shown in Fig. 1(c) for z =900 pm, and the experiemtal arrangement is
shown in Fig. 1(a,d). We fit those individual composite spectra with our theory in-
cluding corrections due to magnetic field variations, atom density distributions, and
multilevel contributions. From these fits, we have extracted the average value of the
measured spin-relaxation rate (7') to be ~ 2w x0.5 kHz [17]. In this thesis, we have
indicated the implementation of this novel detection technique in other cold and ultra-
cold atomic, molecular, and ionic systems where the measurements of intrinsic 7 is
possible, and also addressed the realizability of non-perturbative optical imaging tech-
nique in such systems. We also study with characterising the spectrum strength at a
particular d15 with the various relative polarization states of Raman fields, and indicate

the unique nature of the light-matter coupling with varying (local) quantization axis.

Since our measurements rely on spin transport in cold atoms, we have also sepa-
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rately performed a study on mass transport in the cold atomic systems. In particular,
we have studied the response function of the cold atomic cloud in response to an ex-

ternal perturbations [18].

Measurements with thermal atoms: We have characterized the Raman driven
SNS technique with thermal 8"Rb atoms in a glass cell filled with neon buffer gas.
The extracted value of the 4" using Raman driven envelope spectrum fitted with our
theory coincides within 25% error bars with a totally independent measurement of the
intrinsic SNS. We have confirmed the fact that the huge enhancement of the Raman
driven signal strength, as predicted by our theory, around the vicinity of the separation
between the consecutive Zeeman states (012 — v) in comparison to the intrinsic spin
noise (SN) signal.

The experimental arrangement for Raman driven SNS in vapor cell is similar as
shown in Fig. 1(a). In these measurements, the circular coil pairs produced a homo-
geneous magnetic field (in Helmholtz configuration) and instead of the cold atomic
cloud we use a vapor cell filled with rubidium atoms and neon buffer gas at ~ 370K
temperature. The arrangements of the probe laser (blue beam), Raman lasers (red
beams), and the detection set-up is similar to Fig. 1(a). We coherently drive the 8"Rb
atoms with weak Raman fields (/v ~ 1072, where ) is the resonant Rabi frequency
of the individual Raman field, and + is the pressure broadened linewidth of the excited
hyperfine level) between the adjacent Zeeman states in ' = 2 level. We observed an
enhancement of about 10° in the signal strength compared to its intrinsic SN spectrum
[4, 5]. The signal strength is maximum at the Raman resonance condition i.e. d15 = vy,
and the Lorentzian envelope spectrum made by the series of peaks at ;5 is centered
around vy,. A representative Raman driven spectrum is shown in Fig. 2(a), whereas in
comparison, the intrinsic (€2 = 0) SN spectrum is shown in Fig. 2(b). This observation
justifies our theoretical model, especially the enhancement of the signal strength, and
the appearance of the delta peak (broadened by experimental noise) at d12 [17]. Since
the individual peak in the driven spectrum is extremely narrow (~ kHz) in comparison
to the intrinsic SN spectrum width (~ 100 kHz), the Raman driven SNS technique
can measure the unknown magnetic field with higher precision than the traditional
techniques use for this purpose.

We have experimentally verified the consistency of the measured value of 7' in
different temperatures of the vapor cell with two methods - Raman driven SNS and
intrinsic SNS technique. Our theory on Raman driven SNS, in one hand provides the
profile of the envelope spectrum for a fixed €2, and in other hand gives the dependency

of the on-resonance (at d12 = v) signal strength with 2. We performed those two sets
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Figure 2: The Raman driven (a) and intrinsic (€2 = 0) spin noise (SN) (b) spectrum
of thermal 8"Rb atoms. The individual peak at 6,5 and enhancement in signal strength
is shown in (a - inset). The value of 7 is extracted using (c) and (d) for different
temperatures.

of experiments for different temperatures, and fitted with our theory to estimate the
value of 4/. The measurement results are shown in Fig. 2(c - d). We have observed a
consistency, within 25% error bars, in the extracted value of 4/ using this method with
the measurements done using separate intrinsic SNS technique. The reason for this
minor discrepancy can be understood by comparing two competing physical processes
, (a) the perturbation induced by the Raman driving, and (b) the suppression of spin
projection noise due to coherent coupling. This observation affirms that the SNS
technique along with the Raman coupling can be implemented to extract the value of
~" of a system where the intrinsic measurement is not feasible due to the extremely low

signal strength, e.g. in cold atoms.

We have also studied the transfer of coherence from one atomic species ¥Rb (|gr| =
1/3) to another 8"Rb (|gr| = 1/2) via the spin-exchange collision (SEC). In general,
the efficiency of the coherence transfer between different atomic species via SEC are
maximum when they are resonantly coupled i.e. when their Lande” g-factors are similar.
The coherence transfer between atoms with same Lande g-factors are observed in
[19]. The Raman field induced transfer of coherence from one atomic species (¥Rb,
abundance ~ 10%) to another (5’Rb, abundance ~ 90%) is observed via spin-exchange
collisions. This coherence transfer to 8"Rb atoms narrowed down the intrinsic SN
spectrum width by one order of magnitude, while the Raman fields coherently drive
the other atomic species. The enhancement of the spin-lifetime of 8’Rb atoms can
be controlled by the Raman field parameters, and find applications in atomic physics

experiments. This observation is shown in Fig. 4(iv).

We have also investigated the fidelity of the induced Zeeman coherences in F'—level
by the Raman fields polarization state. We have recorded the overall envelope spectrum
with various combinations of the polarization state of the Raman fields while keeping

their intensity fixed. This observation validates the angular momentum conservations
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in coherent coupling schemes. However, with strong intensity of the Raman fields,
higher order harmonics at d;5 (till fourth orders) is observed in the spectrum when the
Raman resonance condition is satisfied (both the frequency and polarization). This
observation indicates the possibility of measuring the magnetic fields more accurately

in comparison to the low 2 measurements described earlier.

We start our investigation by measuring the intrinsic spin-relaxation rate of thermal
atoms using SNS technique. Note that, using this technique, we detect the spin dynam-
ics of the valance electron bounded in an (alkali) atom. Thermal fluctuations causes the
atomic spins to randomly flip over its Zeeman state spaces, resulting random magne-
tization orientation along any axis at finite temperature. The other sources, including
collisions with other atoms, container walls, magnetic field inhomogeneity depolarises
the atomic magnetization at room temperatures. The effect of such collisional and
thermal fluctuations on atomic magnetization reduces at low temperature, and van-
ishes at absolute zero, where quantum fluctuation dominates. SNS can detect the spin
dynamics in all temperature range which in turn provides the details of the nature
of the spin interactions in classical, quantum and their transition regime, expecting
to give the clear insight about the magnetism, and its origin. The traditional SNS
technique [4, 5, 20, 21] dispersively detects the spontaneous magnetization (M (t)) of
a system on the polarization angle (A(t)) of a far-off resonant probe laser field (k || %,
refer to Fig. 1(a)). A homogeneous magnetic field (along 2) orthogonal to the probe
laser propagation direction (Voigt geometry) is applied on the system to detect the
intrinsic SN spectrum at the Larmor frequency (v;). The component of the sponta-
neous magnetization along the probe laser propagation direction (M, (t)) is imprinted
on the polarization angle, causes the paramagnetic Faraday rotations (6r(t)) of the
probe laser polarization. In SNS technique, it turns out that the 0g(t) of the probe
laser polarization is a measure of the evolution of the magnetization of the system
along the z-axis (i.e., M,(t) < 0r(t)). In the experiment, the probe laser after passing
through the glass cell is separated into s- and p-polarized components using a polariza-
tion sensitive set-up comprising of a half-wave plate and polarising beam splitter. The
two components of light are then fed into the two ports of a balanced photo detector.
The output of the balanced detector is connected to a spectrum analyzer to record
the SN spectrum. The spectrum for the spontaneous magnetization fluctuations of
the system has a Lorentzian line-shape centered around vy (see Fig. 2(b)), and the
full-width at half-maxima (FWHM) gives a measure of the transverse spin-relaxation
rate (o< 1/T3). The strength of the detected intrinsic SN spectrum can be written as,
(0r(1)0F(0))/? I—p\/a, where, I, 07, and A are the probe laser intensity, detuning,

ol A
and diameter, respectively. n and [ are the atom density and the length of the glass
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cell containing rubidium atoms.
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Figure 3: The traces of the intrinsic spin noise (SN) spectrum peak positions in
linear (a) and quadratic (b) Zeeman regime of the external magnetic field strength. (c)
Schematic of the Zeeman splittings of the ground hyperfine levels (F' =1 and F' = 2)
of 8Rb. (d) The trace for real time measurements of the magnetic field strength with
Raman coupling, and digital receiver systems (DRS).

After characterizing the intrinsic SNS with various parameters, we moved to extract
the different atomic, nuclear and magnetic parameters using this technique. For this
purposes, we have measured the intrinsic SN spectrum in presence of various strength
of the external magnetic field. A series of such spectrum in linear (a) and quadratic
(b) Zeeman regime of the magnetic field strength is shown in Fig. 3 in 2D false color
map. Fig. 3 (a) gives the precise measure of the g—factors of the ground hyperfine
levels (gr) of the rubidium isotopes, and their abundance ratios in the cell. The energy
separation between the successive Zeeman levels in each ground hyperfine levels are not
same in the quadratic Zeeman regime, rather the splitting follows Breit-Rabi formula
as schematically shown in Fig. 3 (c). We have identified each and individual Zeeman
coherences signal from 8"Rb atoms in the SN spectrum in a wide range of the external
magnetic field strength as shown at the right side in Fig. 3 (b). We have demonstrated
that using this spectrum one can detect the strength of an unknown static magnetic
field within an accuracy of 500 4G. This method can be applied in any range of magnetic
field strength where the four Zeeman coherence peaks are resolved. This accuracy is
superior compared to the commercially available magnetometers based on the Hall
effect measurements, and need no calibration. Additionally, by measuring the adjacent
peak separation in the spectrum, we have measured the ®"Rb clock transition (Ay)
within an accuracy better than 0.5%. For higher strengths of the external magnetic

field, the nuclear contribution (g;) in the electronic SN spectrum is appreciable and
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all six Zeeman coherences signal corresponds to F' = 1 and F' = 2 are resolved. From
the consecutive peak separation of F' = 1 and F' = 2 SN spectrum (either, between
(77) and (vi), or between (iii) and (v) in Fig. 3 (b)), a precise measurements of g; is
possible.

We have also developed a software-defined digital receiver system (DRS) for high
resolution measurement of the unknown time-varying external magnetic fields. Initially,
we have started this work mainly focusing on the detection of a short lived and narrow
bandwidth signal with a high speed, higher spectral resolution and good signal-to-
noise ratio (SNR) than the traditional swept-frequency spectrum analysers (SFSA).
Our developed DRS is built on the STEMLab 125 — 14 FPGA platform, and it has two
different modes of operation: FFT spectrometer and real-time raw voltage recording
mode. The FFT spectrometer mode of the DRS quickly detects the position of the
SN signal peak with lower resolution, and the real-time data recorder (RTDR) mode
measures the spectrum with higher temporal and spectral resolutions. We have shown
that the SNR in detecting the intrinsic SN spectrum is improved by more than one
order of magnitude with the FFTS compared with that of the commercial SEFSA. We
have demonstrated that our DRS system in RTDR mode has an precision of 800 uG
in measuring the external magnetic field strength which is varying in time as frequent

as 100 ms intervals [20]. One such representative measurement is shown in Fig. 3 (d).

We have extended the SNS technique in an out-of-equilibrium atomic systems where
an additional optical field (control laser) is employed along the probe laser propagation
direction to manipulate the relative population between the ground hyperfine levels.
The optical pumping (OP) of atoms using the control laser field polarises the atomic
population in a particular hyperfine level and reduces the hyperfine-exchange collisions.
Moreover, we can precisely control and manipulate the atomic spin polarization using
OP scheme by tuning the control laser field frequency and intensity, and detect them

non-perturbatively using SNS technique.

The intrinsic SN spectrum for 8’Rb atoms at high magnetic field where all the
six Zeeman coherence peaks are resolved is shown in Fig. 4 (i - b). Fig. 4 (ii) shows
the different OP schemes (red and blue) to control the atomic populations in various
ground hyperfine levels (F' = 1 and F' = 2). The OP scheme, shown in the red color in
Fig. 4 (ii), is to transfer atoms from F' = 1 level to ' = 2 level. The SN spectrum in
this optically pumped situation is shown in Fig. 4 (i - a) with different control laser field
intensities. These spectra show the efficiency of the OP of atoms to F' = 2 level with
the intensity (1.) of the control laser field, as the contribution of SN peaks from F' = 1
level disappears at higher I.. The OP scheme for spin polarising the atoms in F' =1

level is schematically shown in blue in Fig. 4 (ii), and the corresponding SN spectrum is
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Figure 4: (i) The controlled optical pumping between the hyperfine levels and non-
invasive detection using intrinsic SNS technique. (a) shows the driven spin noise (SN)
spectrum when the atoms are pumped to F' = 2 level and (c) shows the same for
pumping the atoms in F' = 1 level, while (b) shows the intrinsic SN spectrum. (i) The
optical pumping scheme used in the experiments. (iii) The variation of SN spectrum
width with pump laser power while the atoms are being pumped to F' = 2 level. (iv)
Spin-exchange collision and reduction of the intrinsic SN spectrum width of 8"Rb atoms
while the 8°Rb atoms are subjected to the Raman coupling.

shown in Fig. 4 (i- ¢). We have also demonstrated that the SNS technique with OP has
the ability to precisely detect the narrow electronic transitions of a system in presence
of various spectral broadening mechanisms such as homogeneous and inhomogeneous
broadening. The precision of finding the electronic lines using this method is about
three times better than intrinsic SN measurement or using absorption spectroscopy.
This optical pumping scheme is the precursor to two photon Raman driving scheme

discussed earlier.

We have also systematically studied the spin-relaxation rate (7') of the optically
pumped atoms with control laser field intensity. The measurement is performed in the
non-SERF (spin-exchange relaxation free) regime, where the Larmor precession rate (~
5 MHz) for the ground F'—levels of ¥ Rb atoms are much faster than the spin-relaxation
rate (~ 0.2 MHz) of the atoms at 373K. Fig. 4 (iii) shows the variations of the measured
Lorentzian FWHM of the SN spectrum with control laser field power while the atoms
are being optically pumped to F' = 2 level. We have observed a significant reduction
as much as 15% in the FWHM of the SN spectrum at the saturation intensity of the
control laser field as shown in the shaded vertical region (a) in Fig. 4 (iii). The FWHM

of the spectrum progressively increase with respect to the intrinsic SN spectrum width
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for higher power of the control laser field as shown in the shaded region (b). In region
(a), the FWHM of the spectrum is reduced due to the reduction of the spin-exchange
collisions between the levels F' = 1 and F' = 2. However, in region (b), the off-resonant
excitation of the F' = 2 level atoms by the control laser field dominates over the spin-

exchange rate. Therefore, the width in region (b) is increased with control laser power.

Summary and Outlook: We have measured the intrinsic spin-relaxation rate of
cold atoms using Faraday rotation fluctuation measurement for the first time. This
experiment opens up new possibilities to probe intrinsic spin properties and their in-
teractions with various potentials in similar cold and ultra-cold atomic, molecular and
ionic systems. Traditional non-invasive spin noise spectroscopy (SNS) technique have
been used, along with Raman driving to the atoms, to probe the spin-correlation of
the cold atomic system. We have also developed a theory of Raman driven SNS based
on optical Bloch equations (OBESs). First we characterize this technique with thermal
atoms, and later implement to cold atoms to extract the intrinsic spin-relaxation rate.
We have shown a consistent measurement of spin-relaxation rate of thermal atoms us-
ing intrinsic and Raman driven SNS technique. A coherence transfer from one atomic
species to another via spin-exchange collision has also been observed when the one of
the atomic species is subjected to Raman coupling. We have developed and character-
ized the SNS technique with thermal rubidium atoms and extract atomic, magnetic,
nuclear and chemical properties of atomic systems. We make use of the SNS technique
to precisely measure the real-time external magnetic field strength with our developed
digital receiver system (DRS). We have also implemented the optical pumping (OP)
method to precisely control the spin population between the ground hyperfine levels of
rubidium atoms and detect them non-invasively using SNS technique.

This novel detection technique along with Raman coupling scheme can be applied
to diverse quantum materials, such as semiconductor heterostructures, quantum dots,
photonic crystals, atomic vapors, and Bosonic and Fermionic ultra cold gases to probe
the spin correlations. The techniques developed during this thesis work promises to ad-
vance our knowledge about the origin of quantum magnetism. On the application front,
these techniques can be utilize to develop high precision, real-time, and miniaturised
magnetometers for quantum sensing. Reliable measurements of spin fluctuations as
described in this thesis, can be a promising tool for quantum information processing

and computation.
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ADC
AMO
AOM

BEC

BPD

DIO
DOF
DRS

ECDL

EMI
FDT
FFT

FFTs

FM
FPGA
FR
FWHM
HWP
IF

LO

LRT
LZR

MB

MCD

MOT
NPBS

NZR

OBEs
OM

analog-to-digital converter
atomic, molecular, and optical
acousto-optic modulator
Bose-Einstein condensation
balanced photo-detector
digital input-output

degrees of freedom
digital-receiver system
external cavity diode laser
electro-magnetic interference
fluctuation-dissipation theorem
fast Fourier transform

fast Fourier transform spectrometers
frequency modulation
field-programmable gate array
Faraday rotation

full-width at half-maxima
half-wave plate

intermediate frequency

local oscillator

linear response theory

linear Zeeman regime
Maxwell-Boltzmann

magnetic circular dichroism
magneto-optical trap
non-polarising beam splitter
non-linear Zeeman regime
optical Bloch equations

optical molasses
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OP
PBS
PID

PL

PRF
PS
PSD
PSN
QDs
QWP
RBW
RF
RTDR
RWA
SAS
SEC
SERF
SEFSA

SN
SNS
SOC

3LS
TOF
UHV
VCO
Vis

optical pumping

polarizing beam splitter
proportional-integral-derivative
programmable logic

position response function
processing system

power spectral density

photon shot noise

quantum dots

quarter-wave plate

resolution bandwidth
radio-frequency

real time data recorder
rotating-wave approximation
saturation absorption spectroscopy
spin-exchange collisions
spin-exchange relaxation free
swept-frequency spectrum analyzer
spin noise

spin noise spectroscopy

System on Chip

three-levels system
time-of-flight

ultra-high vacuum

voltage control oscillator

virtual instruments
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Chapter 1
Prerequisite for the thesis

In this thesis, we report an experimental study on spin dynamics of neutral atoms
over a wide range of temperatures ranging from pK to 400 K. Coherent and incoherent
atom-light interactions have been employed as a tool for these studies.

Atoms and light are the basic ingredients for atomic, molecular, and optical (AMO)
physics experiments. Atom can interact with electromagnetic (EM) field via dipole
coupling. The electronic excited levels of an atom possess finite electric dipole moment
which can be coupled to the ground level (which does not have electric dipole moment)
using the electric field of EM radiation. This light-matter coupling makes it possible to
study atomic structure using light. A light field in a particular mode affects the external
and internal degrees of freedom of an atom and shows various physical phenomenon
that has been observed in atomic physics experiments. In this thesis, we use light
to manipulate the population in accessible energy levels and detect various optical

phenomena using dipole coupling.

1.1 Alkali atoms

An atom is the smallest part of a substance that is composed of subatomic particles such
as the nucleus (protons and neutrons) and electrons. The nucleus is heavy (contains >
99.9 % mass of the atom) but tiny (diameter ~ 107! m) object situated at the centre
of an atom with electric charge +Ze (where, Z is the atomic number and e ~ 1.602 x
10712 coulombs). The electrons (electric charge —e) are the light particle and revolve
around the nucleus in various electronic orbitals of the atoms due to the Coulomb
potential generated by the ionic core of the nucleus.

The electrons of an atom are arranged in different orbitals according to Hund’s rules

and the Pauli exclusion principle. Electrons have both orbital (f, due to its motion

1



2 Prerequisite for the thesis

around the nucleus) and spin (&, due to the motion around itself) angular momentum
which couples during its motion, known as spin-orbit coupling and provides total orbital
angular momentum ; (= I+ §). For a multi-electron atom, the total number of
electrons in a shell n (n is the principle quantum number, integer and n > 1) is 2n.
The electronic configuration of an atom can precisely be known using the four quantum
numbers known as: principle quantum number (n), azimuthal or orbital quantum
number (I = 0,1, .., (n — 1)), magnetic quantum number (m; = =1, =1+ 1,..,1 — 1,1)
and spin quantum number (m; = —s,—s+ 1,..,s — 1, ). Among all the atoms in the
periodic table, only the inert gas (He, Ne, Ar, Kr,..) atomic shell is completely filled
and the other atomic species has extra electrons which arrange in various orbitals in
the next shell. The electronic configuration of an atom can be symbolically written as
n2 ;.

Alkali metal atoms (Li, Na, K, Rb, Cs, and Fr) have an unpaired electron in the
outermost S-orbital (in ground level) and the inner orbital electrons are filled up to the
last shell as the inert atomic species. The ground state electronic configuration of the
valance electron for alkali metal atoms can be written as n?S; /2, where S stands for
“Sharp" (I = 0). Since the inner shell electrons screen the nucleus heavily, the valance
electron of the alkali metal atoms is loosely bound to the nucleus by the electromagnetic
force. Therefore, the valance electron (I = 0, S-orbital) can easily be excited to the
other level (I = 1, P-orbital—P stands for “Principle") by the electromagnetic field via

dipole coupling.

1.1.1 Enmnergy levels of alkali metal atoms

The ground state electronic configuration for alkali metal atoms, as discussed in section
1.1 is nS'. This unpaired electron in the S-orbital has orbital angular momentum [ = 0
and spin angular momentum s = 1/2. Electron, neutron and proton are Fermions
with spin angular momentum s = 1/2. Therefore, the total angular momentum of the
valance electron for alkali metal atoms after the spin-orbit coupling (o {-5) is j = |l —s|
to |l +s], i.e. j = 1/2. The first excited state for the atom is nP!, which have one unit
of orbital angular momentum i.e. [ = 1. Therefore, for P-state the possible values of j
are j = 1/2, 3/2.

The nucleus of the alkali metal atoms also possess spin angular momentum (nuclear
spin I ) after arranging the neutrons and protons according to the nuclear shell model.
The interactions between the nuclear spin angular momentum I and the total angular

momentum of the valance electron j give rise to the hyperfine coupling (o I- j)

Therefore the energy levels of the atomic states are designated by the hyperfine levels
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as F = I+ j. For a particular value of I, the hyperfine level index ranging between
F = |I — j| to |I + j| with integer step.

Therefore, the ground states for alkali atoms have two hyperfine levels such as
F = 141/2. Similarly, the first excited states can also be written as F' = [ +1/2 and
F" =1+ 3/2 with integer steps.

1.1.2 Rubidium atoms

In this thesis, we have used the rubidium (Rb) atoms to investigate the spin properties
in its ground hyperfine levels in equilibrium and out-of-equilibrium conditions. Rb is
the alkali metal atom with atomic number Z = 37. Its place in the periodic table
is in the group: 1, and period: 5. Natural Rb has two isotopes: stable 8°Rb with
the abundance of 72% and slightly radio-active 8"Rb with the abundance of 28% (the
superscript represents the atomic mass number of these two isotopes). The half-life of
the 8"Rb isotope is as long as 49 billion years. At standard temperature and pressure,
the rubidium atom appears in the solid phase and has a melting point of 312.45 K.
The ground state electronic configuration of the Rb atom is [Kr| 5S', where [Kr]
represents the closed shell electronic configuration of the inert gas Krypton (Kr). 8"Rb
has nuclear spin I = 3/2. Therefore, the ground hyperfine levels for 8Rb atoms are
F =3/2 4+ 1/2 =1 and 2. Likewise, the ground hyperfine levels for ¥Rb atoms with
I=5/2areF =5/2+1/2=2and 3.
The first excited state electronic configuration of the Rb atom is [Kr| 5P! with
= 1. Therefore the total orbital angular momentum of this state is j = 1/2, 3/2.
The (optical) transition connecting j = 1/2(S)«» j = 1/2(P) is called D; line. The
hyperfine levels for j = 1/2 (P) excited states of ¥’ Rb atoms are F’ = 1 and 2. Similarly
the Dy line for 8"Rb atom represents the (optical) transition j = 1/2(S)< j = 3/2(P).
The hyperfine levels for j = 3/2 (P) excited states of 8’Rb atoms are F’ = 0, 1,2 and
3. The excited state energy levels of 8Rb atom can also be calculated using the same
manner. The ground and first excited state energy level diagram for both the isotopes

of Rb atoms are shown in Fig. 1.1.

Natural linewidth of the ground and excited levels. The inverse of the line
width of an atomic energy level is a measure of the lifetime of an electron in this
particular energy level. The ground levels (I = 0) of the alkali metal atoms do not
possess any permanent electric dipole moment. In an ideal situation, the line width
of these levels is extremely narrow and the lifetime of the electron (atom) is infinite.

However, The line width of these levels is modified (or broadened) due to the various
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Figure 1.1: The ground (valance electron in S-orbital, [ = 0) and the first excited
state (valance electron in P-orbital, [ = 1) electronic energy level diagram of stable
rubidium (Rb) isotopes: (a) *'Rb, and (b) ®Rb. The transition connecting Sy «»

P15 is the Dy line (~ 795 nm line) and the transition connecting Sy /o <+ P35 is the D,

line (~ 780 nm line). Ai;/ * is the clock transition for corresponding Rb isotopes. Care

should be taken in reading the energy separations shown in this figure is multiplied by
27. F (F’) represents the ground (excited) state hyperfine levels. The energy shown
here is not in scale.

spectral broadening mechanisms present in the environment around the atoms, and
this mechanism will be discussed later in this chapter. The broadening in the ground
level limits the lifetime of an atom in a particular level and insists to move randomly

within the ground level manifolds and their sub-levels (magnetic states).

The excited states (I = 1) of an alkali metal atom constitute a permanent electric
dipole moment that can interact with the various modes of the vacuum electromagnetic
field present in the universe. Nevertheless, the temporal fluctuation present in the
electric field of the vacuum EM-fields makes the excited states of the alkali metal atoms
unstable and broadens the energy uncertainty of these levels. This broadening limits
the lifetime of an atom in the excited states and returns the atom in the ground states
by spontaneously emitting a photon in random mode. The natural linewidth of the
excited states are Lorentzian in shape, and its value at the full-width at half-maxima

(FWHM) for Rb isotopes are 7 ~ 27w x6 MHz.
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The experimentally measured linewidth () of the excited states can further get
broadened due to the finite velocity of the atoms (Doppler broadening) and the pres-
ence of foreign gases, such as buffer and quenching gases (pressure broadening). All
these spectral broadening mechanisms of the electronic energy levels of an atom affects
significantly in the measurements of the electronic spin noise (SN) of an atom and are

discussed in detail as the time comes.

1.1.3 Rubidium atoms in a magnetic field

Larmor precession. The combined magnetic dipole moment of the ground levels
(F) of Rb atoms due to the electron and nuclear spin can be written as, jip = vF,
where the constant v is the gyromagnetic ratio and F is the total angular momentum.
In presence of an uniform magnetic field (E), [lp experiences a torque 7T = ﬁpxé ,
and precess about the magnetic field with Larmor precession frequency (vr). For low
magnetic field strength, the value of v, is proportional to the strength of the B and
can be written as vy, = vB. Let us consider a case where the uniform magnetic field
is applied along the z-axis, i.e. B = By 2 and the magnetic moment [ makes an
angle 0, with respect to the z-axis. In this scenario, the projection of fir on the x —y
plane will precess at the frequency v, while maintaining a constant angle 6, along the
z-axis as shown in Fig. 1.2. Therefore the transverse spin component (F,_,) carries
the information about the Larmor frequency (v1,) and the longitudinal component (F,)
provides the information about the projection of the magnetic states along the z-axis,

i.e. Zeeman splitting.

Zeeman splitting. Magnetic field shifts the energy of an atomic energy level and
breaks the degeneracy into various magnetic states. This phenomenon is known as the
Zeeman effect. The interaction Hamiltonian for the Zeeman effect of an atomic spin in

a uniform magnetic field along z-axis can be written as,
Mz = —jir - B, (1.1)

where, jip is the total magnetic dipole moment due to the electron (4;) and nucleus
(fir) spin, ie. fp = p; + fir, and B = By 2. Let’s first discuss the interaction
of electronic spin with the magnetic field and later include the nuclear spin. The
interaction of the electronic spin (j) with magnetic field can be written according to

the Eqn. 1.1 as,
Hy (I+25)- B, (1.2)

e
- 2m
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Figure 1.2: Schematic shows the Larmor precession of an atomic spin about a uniform
magnetic field applied along the z-axis. vy, is the Larmor frequency of the atomic spin
(F). 0, is the angle between the electronic spin with respect to the applied magnetic
field (2). The expectation value of the spin components along three Cartesian axes can
be written as, (F,) = 2 sin(6,) cos(2mvrt), (F,) = —2 sin(6,) sin(27vrt) and (F,) = 2

cos(f,), where A is the reduced Planck constant.

2

where m is the mass of the electron. However, when the strength of the external
magnetic field By is much weaker than the internal magnetic field (B;,;) of the atom
produced by the proton, the Hamiltonian ’H/Z can be treated as a perturbation com-
pared to the fine structure (f §) Hamiltonian. Since the Zeeman Hamiltonian is treated
as a perturbation, the individual angular momentum [ and s is not conserved during
the motion rather the total angular momentum j and its projection along E, m; is a
conserved quantity. Therefore in this regime of external magnetic field strength, j pre-
cesses about the é, and the good quantum numbers are {/, s, j, m;}. The effect of the
Zeeman Hamiltonian on the fine structure line can be solvable using time-independent
perturbation theory. H lift the degeneracy of the fine structure line j, and split into
(27 + 1) lines from —m,; to m; projected along the direction of the external magnetic
field as discussed in Sec. 1.1.3. The shift in the energy levels of each Zeeman states
(m;) within j-level can be written as, pupg;Bom;, where up = % is the Bohr mag-
neton, and g; is the Lande’ g-factor for the level j. However, due to the hyperfine
coupling (5 Y ), the atomic energy levels are designated by the quantum number F' (via

F= j—i—f) Therefore, for low magnetic fields, the good quantum numbers of atoms are
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eh
2mp’

{s,I, F,mp} (since | = 0). Nevertheless, the nuclear magneton, uy = where m,,
is the mass of the proton, is three orders of magnitude lower than the pg. Therefore
for weak Bg, the anomalous Zeeman splitting mostly depends on the electron’s spin
quantum number s. Therefore, principally, we study the spin physics of Rb valance

electrons in this regime of external magnetic field strength.

>
-
I

C .

8 5 51/2 -1
£

= 87Rrp Ans ~ 6.8 GHz -2
£

> -1
S ¢ ,

2 F=1 ?
L - 1
gr=—1/2
Fine Hyperfine Zeeman splitting

structure structure

Figure 1.3: The general structure of the Zeeman splitting of the ground hyperfine
(F) levels of Rb atom at any arbitrary magnetic field strength. Care should be taken
on noting the g-factors of the two hyperfine levels, and their corresponding Zeeman
states orientation.

When the external magnetic field is much stronger than the internal magnetic field
(By > Biju), the individual § and I precess about the B for the ground state of Rb
atom. In this case, the fine structure Hamiltonian can be treated as a perturbation, and
the good quantum numbers are {s, I, ms,m;}. Here we do not discuss this scenario in
detail, since except in a few places in the thesis this situation will not arise. Nevertheless
when the strength of these two magnetic fields are comparable (i.e. By & Bjy), the
analysis for the energy level splitting is a bit complicated. However, the energy level
structure at any strength of the external magnetic field for the ground hyperfine levels
of alkali atoms can exactly be solvable using Breit-Rabi formula, and that will be

discussed later in the thesis.

g-factors of the ground levels. The Lande’ g-factor or the magnetic splitting factor
of an atomic energy level is a dimensionless quantity which characterizes the Zeeman
splitting in an external magnetic field. The sign of the g-factor indicates the sense of
rotation of the angular momentum vector about the external magnetic field. In the

weak magnetic field (anomalous Zeeman) regime, The g-factor for the hyperfine levels
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(gr) can be written as,

 F(F+1)—I(I+1)+4(+1) FIF+1)+I(I+1)—j(+1)

9F = 9; SF(F 1 1) T SF(F 1 1) s
_ FF+)-II+1)+4({+1) (13)
=9 2F(F + 1) ‘

The value of g; for the ground (I = 0) fine structure level (5%S;/2) of Rb atom is g; ~
2. The value quoted here for g; ignored the effects of the inner shell electronic structure
of Rb atoms and quantum electrodynamics (QED) effects. The nuclear g—factor (gy) is
ignore here since its value is more than three orders of magnitude lower than g;. For the
hyperfine level F' = 2 of 8"Rb atom, the value of g using Eqn. 1.3 turns out to be 1/2.
For F =1 of ¥Rb atom, gr = —1/2. Notice that the value of gr for both the ground
hyperfine levels of Rb atom are same in magnitude but are opposite in sign. This
signifies that the sense of rotation of the atomic spin about a magnetic field are opposite
for F' =1 and F' = 2 hyperfine levels as shown in Fig. 1.4. However, using Eqn. 1.3,
one can calculate the hyperfine g—factors for excited levels also. The g—factors for
the ground hyperfine levels ' = 2 and F = 3 of ®Rb atom are gp—o = —1/3 and
gr—3 = 1/3, respectively.

gr =1/2 gr=—1/2

Figure 1.4: The sense of rotation of the electronic spin in the ground hyperfine levels
of 8Rb atom in a homogeneous magnetic field. The faint broken arrows show the
homogeneous magnetic field lines.

When the Zeeman splitting is much lower than the hyperfine splitting, the energy
separations between any two consecutive Zeeman states (Ep,,. — Epm,.—1) of a partic-
ular hyperfine level are same and linearly proportional to the strength of the external
magnetic field. However, one can show that this energy separation is equal to the

Larmor precession frequency (i.e. Epm, — Epmp—1 = 27vL).
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1.1.4 Bloch equations for spin dynamics

So far we have discussed the Larmor precession of an atomic spin which is free from
any kind of relaxation process. However, during the precession of the atomic spin
about magnetic fields, the spins undergo various collisions that result in the relaxation
of the spin state. Such collisions include spin-exchange and spin destruction collisions
with the homo and hetero-nuclear atoms, collision to the container walls, collisions
with the buffer and quenching gases (if present in the cell), and so on. Here, the
term homo-(hetero-) nuclear atoms signifies the atoms with similar (different) atomic
masses. The scattering cross-section for spin-exchange and spin destruction collisions
for similar or different atomic species are different and they contribute differently to
the relaxation rate. We have discussed the spin-exchange and spin destruction collision
towards the end of this chapter. However, all these collisional mechanisms cause spins to
flip to other energy states. Along with such collisional mechanisms, the magnetic field
inhomogeneity over the extension of the atomic container can also cause spin to flip.
All these mechanisms limit the coherence time of an atom in a spin state. Two different
kinds of relaxation times are defined in the literature depending on the relaxation of the
spin with respect to the quantization axis (the direction of the homogeneous magnetic
field, as we defined along z—axis). The relaxation of the atomic spins along the z—axis
is known as the longitudinal relaxation time (77) and is related to the energy relaxation
of a particular state of the spin. The transverse spin relaxation time (75) is related to
the dephasing of the atomic spins orthogonal to magnetic field direction (i.e. on the
x — y plane). In general, spin relaxation time is defined as the average lifetime of an

atomic spin in a particular energy state.

In 1946, Felix Bloch came up with a set of macroscopic phenomenological equations

—

for nuclear magnetization (M (t)) in presence of an arbitrary magnetic field (B(t) =
(B,(t), By(t), B.(t))) when the relaxation is present in the system. These equations can
also be applied to the atomic spin (F(t) = (F,(t), F,(t), F.(t))) to track its dynamics
in an external magnetic field when 7T} and 75, are present.

The Bloch equations for the electronic spin dynamics can be written as,

dF,(t) = ; Fo(t)
g~ V@) X Bt)e = =5, (1.4)
dF,(t) _ = 3 Fy(t)
22 = o(F(t) x BO), - =2, (15)
dF.(t) . F.(t) - Fy
o = u(F(t) x B(t)): — T, (1.6)
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In the above equations, the first term represents the Larmor precession of the atomic
spin about the magnetic field and z—axis is the quantization axis. Fj is the steady-
state atomic spin in the z—axis. In this thesis, we will talk about the detection of the
transverse spin dynamics of Rb atoms in the ground hyperfine levels in equilibrium

and out-of-equilibrium situations.

1.2 Electromagnetic radiation field: Light

According to the classical electrodynamics and Maxwell’s equations, the light is a
transverse electromagnetic oscillatory field with velocity ¢ (= 1/,/fo€o) in the free
space. Here, pg is the vacuum permeability and g is the vacuum permittivity. However,
the velocity of light in a medium with refractive index n will get modified to ¢/n. The
oscillating electric and magnetic field of light field propagating along k direction can

be written as,
E(7t) = & eF =40 (1.7)

—

B(Ft) = = k x E(7,1). (1.8)

ol

Where &, is the amplitude of the electric field and in general is complex valued. m
is the polarization (electric field oscillation) vector of the light field and orthogonal to
its propagation direction, i.e. m - k =0. The magnitude of the propagation vector (E),
is called the wave number k£ and k& = 27/\ = w/c. X and w are the wavelength and
angular frequency of the light (radiation) field, respectively.

The electromagnetic field has a wide range of spectral distribution from radio waves
(A ~ 10® m) to gamma rays (A < 1072 m). However, the optical transition wave-
length for the D; and D, transition of the rubidium atoms are ~ 795 nm and ~ 780
nm, respectively, and fall in the infra-red (IR) region. Therefore, we have used a couple
of grating stabilized diode lasers operating at that wavelength to manipulate, control,
and detect the atomic spins of rubidium atoms by optical means. The frequency sta-
bilization and its linewidth, the polarization selection of the laser beams are discussed
later in this thesis.

In this thesis, we mostly treat the laser beam as classically and consider that it is
a source of coherent electromagnetic fields as described by Eqn. 1.7 and Eqn. 1.8. The
light can also be treated as quantum mechanically, i.e. it is a stream of photons with

specific linear (hk) and angular momentum (0% = +1, 7 = 0), and energy (hw).
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1.3 Light-matter interaction

In this section, we discuss briefly the light-matter interactions in the semi-classical
approach. We indicate the interaction Hamiltonian responsible for the absorption and
stimulated emission process. The atom is treated quantum mechanically i.e. an array
of discrete and separate energy levels with defined angular momentum whereas the
radiation field is treated as classically, i.e. a transverse electromagnetic (EM) wave

with a specific mode.

Global Hamiltonian. The complete Hamiltonian describing the atoms in the pres-
ence of radiation fields and an external magnetic field together can be written as [24],
1. T

H:%[p—qu(T‘)] _HFB(7#)+VCoul+HR (19)

Here, the first term describes the kinetic energy of the particle in the Coulomb

gauge. m and ¢ are the mass of the particle and the charge of the electron, respectively.

A (7) is the transverse component of the vector potential of the radiation field at the
position 7.

The second term is related to the interaction of the atomic spins with the external

—
—\

magnetic field (B(7)) at the position 7.
The third term (Vo) is associated with the longitudinal field of the radiation, the

Coulomb energy,
€
Veoul = _20 / &*r B (7). (1.10)

The fourth term (Hg) represents the energy associated with the transverse field of

the radiation,

Hr = %“/d?’r [E3 (7) + ¢ B*(7)]. (1.11)
Particle and radiation field Hamiltonian. The global Hamiltonian (#H) de-

scribed in Eqn. 1.9 can be split into three parts, i.e.
H=Hp+Hr+ Hz. (1.12)

Here Hp represents the unperturbed Hamiltonian of the particle, and depends only
on 7 and p. It contains the kinetic energy of the free particle and the Coulomb energy,

1.e.

p
HP —_——i-[/ oul + 1.13
2m Coul ( )
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Whereas the radiation Hamiltonian (Hz) depends on the transverse component of
the EM radiation field and is described in Eqn. 1.11.

Interaction Hamiltonian. The interaction Hamiltonian (H7) depends on both
the atomic variables (7 and ) and the radiation field variable (A (7). Hz can also be

split in three parts depending on the appearance of their order of the field,
Hz=Hn +Hi + Hie. (1.14)
The first order dependence in the Hz of the field are,
Hp = ——~Lp- AL () (1.15)
m )

and

5= —fir - B (1.16)

Finally, the second order dependence can be written as,

2

iz = 5 — A (7). (1.17)

Here Eqn. 1.15 is the dipole interaction Hamiltonian between the atoms and light,
and is responsible for the absorption and stimulated emission of the light by the inter-
acting atoms. Eqn. 1.16 represents the interaction of the atomic spins with the external
magnetic field and is responsible for the Zeeman splitting. However, the third term in
Eqn. 1.17 is quadratic of the electric field parameter and ignored in the light-matter

coupling term for low radiation field intensities.

1.4 Spectroscopy in atomic systems

The primary objective of spectroscopy in atomic systems is to find out the relevant en-
ergy structures and associated relaxation mechanisms present in the system. In atomic
physics, the energy level structures of valance electron(s) bound in the ionic core of
the nuclear potential generate the fine and hyperfine levels which are the characteristic
fingerprints for the associated atoms. However, for alkali-metal atoms, the frequency
difference between the fine structure levels fall in the optical to the infra-red range
(10— 10" Hz). Therefore, to detect such fine structure lines and the related hy-
perfine lines therein, an electromagnetic radiation field with frequency in this range

needs to be coupled with the atoms (see Eqn. 1.15). The selection rules for the light-
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matter coupling within dipole-approximation can be find out in [24-27]. Absorption,
Faraday rotation, Hanle spectroscopy technique can be implemented to find out the
corresponding energy structure and the lifetime of the excited levels. For the measure-
ments of precise magnetic fields, spin density, spin coherences, etc, Faraday rotation,
Hanle spectroscopy technique can be performed.

The degeneracy of the energy level structures breaks in presence of the external
electric and magnetic fields. These are known as the Stark and Zeeman effects, re-
spectively. For a reasonable strength of these fields, the energy splitting falls into the
range of the radio-frequency (RF) (10°— 10 Hz) regime. Such an energy structure can
be found experimentally by optical means using Faraday rotation, Kerr effect, Hanle
spectroscopy, etc, or by employing RF spectroscopy technique i.e. electron spin reso-
nance (ESR) or nuclear magnetic resonance (NMR) spectroscopy for nuclear systems.
The Zeeman or stark energy structure as well as the spin lifetime (7)), coherence time
(T3), etc can be extracted from such measurements. In the following, we briefly discuss
some of the important atomic spectroscopy techniques which are related to the work

presented in this thesis.

1.4.1 Absorption spectroscopy

As we have discussed earlier that the excited atomic levels (I > 0) have finite (natural)
lifetime (7y,a¢) due to its interaction with the vacuum field [24|. Therefore according to
the uncertainty principle, these levels have finite natural line-width (7 = 7ya¢) which is
related t0 Thag Via, Ynat = 1/27Tnat- The natural line-width of first excited level (I = 1)
of alkali atoms varies between 4-10 MHz (with a factor of 27). This information can
be obtained experimentally by performing an absorption spectroscopy to alkali atoms
at rest (v = 0). A weak probe laser beam with frequency being scanned around the
vicinity of the resonance line, after interacting with the atomic system can be detected
on a photo-detector. The absorption signal has a Lorentzian line-shape centered at
the resonance frequency (vy = (E. — Ej)/h, where E,(E,) is the ground (excited level)
energy) and the FWHM gives the natural line-width of the atoms.

However, the measured line-width of the excited level of the atoms can broaden due
to various spectral broadening factors. The most dominating factor includes Doppler
broadening due to the thermal motion of the atoms and pressure broadening due to
the presence of the buffer gas. Since the atomic velocity distribution follows Maxwell-
Boltzmann distributions: individual atoms have their distinct velocity distribution
ranging from —oo to oo inside the cell. Therefore the broadening in the spectral

line due to the atomic velocity is in-homogeneous, and the line shape is Gaussian.
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Typically the Doppler broadening can spread the spectral line up to the GHz range.
The presence of the buffer gas inside the cell interacts with the excited level due to
the electromagnetic interactions and is the same for all the atoms. Such an interaction
relaxes the excited atomic level much faster which significantly broadens the spectral
lines. This broadening is known as homogeneous pressure broadening and can have a
value ranging between (1-100) GHz depending on the density of the buffer gas. The
spectral line shape due to the pressure broadening is Lorentzian in nature.

When both the Doppler and pressure broadening are present in the system, the
resulting absorption line-shape can be represented as a Voigt profile [28]. The complex
form of the Voigt profile is [29],

V(v —1) =

oW P TN AR

VG G

where vp = Ynat + Ypr 18 line-width of the absorption signal due to the natural life-time
of the atoms and the pressure broadening by the buffer gas () together. 7¢ is the
FWHM of the absorption signal due to the Doppler effect. In this case v is the spectral

frequency in the optical range. The expression for W(x) is given by,
W(z) = e (1 — erf(—ix)), (1.19)

Where ‘erf” is the error function, and defined as erf(z) = 2//7 [ e~ dt. Therefore
the broadening due to natural, Doppler, and pressure contribute to the measured width
of the absorption signal. However, in general, the line shape of the absorption signal
has a Voigt profile given in Eqn. 1.18. When the pressure broadening dominates over
the Doppler broadening (i.e. v,y > 7¢), the Voigt line shape in the absorption signal
switches to the Lorentzian-like profile. In the opposite limit, i.e. for vg > 7, the
Voigt profile switches to the Gaussian-like profile.

1.4.2 Faraday rotation spectroscopy

The polarization plane of a linearly polarized light can rotates after traveling through
an optical medium (such as atomic) in presence of a magnetic field parallel to the
light propagation direction. The rotation of the light field’s polarization is a magneto-
optical effect that is known as Faraday rotation. The detailed derivation for the Faraday
rotation can be found elsewhere [29, 30|. Here we provide a brief description of this

method.

When a linearly polarized light (polarization plane along 2) propagates along x—direction,
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its polarization can be decomposed as a superposition of a left— and right— hand cir-

cular components in the following manner,

This light travels through an optical (atomic) medium of length [ which is placed

in a region of a homogeneous magnetic field along . The magnetic field breaks the
degeneracy of the ground and excited atomic levels into Zeeman states and the tran-
sition frequencies for left— and right— hand circular polarized light becomes shifted
in opposite direction from the bare atomic resonance frequency vy. This modifies the
frequency-dependent index of refraction for those two circular components of light.
Therefore, for a particular frequency of light, these two components travel through the
medium with different velocities. When the light comes out from the medium, the po-
larization state of these two circular components acquires different phases. Therefore,
the combined polarization state of the light after the medium is again linear, however,
its plane now rotates with respect to z on the y — z plane. The rotation angle of the
polarization plane depends on various factors, such as frequency of the light, magnetic
field strength, atom (or spin) density of the medium, the chemical composition of the
medium, etc. The Faraday rotation (black trace) and absorption (red trace) signal
from an ensemble of cold 8'Rb atoms in presence of homogeneous co-linear magnetic

field is presented in Fig. 1.5.

1.4.3 Electron spin resonance spectroscopy

Electron spin resonance (ESR) or electron paramagnetic resonance (EPR) spectroscopy
is a technique to study the material properties with an unpaired electron. The basic
concepts of ESR are similar to the nuclear magnetic resonance (NMR), however, in
the ESR technique, the electronic spin is excited by the RF or microwave fields in-
stead of nuclear spin. The fundamentals, experiment and instrumentations, and the
applications of EPR techniques are captured in [31, 32].

In the ESR technique, an RF or microwave field with a specific polarization is ap-
plied to the electronic system across the homogeneous magnetic field to detect the res-
onance spectrum. Since the electronic spin system is driven by the external oscillating
fields during the measurements, the system can be considered in an out-of-equilibrium
or non-equilibrium state.

In this thesis, we discuss the recently developed spin-based spectroscopy technique,

known as spin noise spectroscopy (SNS) performed in hot and cold atomic spin ensem-
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Figure 1.5: The Faraday rotation (black trace) and absorption (red trace) signal
from an ensemble of cold 8"Rb atoms (red blob) in presence of homogeneous co-linear
magnetic field Bz (= 2 G). In cold atomic system, the absorption signal is free from
Doppler and pressure broadening. Thereby the Lorentzian FWHM of the absorption
signal is measured to be ~ 6 MHz, which is limited by the excited level line-width.

bles. We have developed an all-optical setup for the detection of spin properties of the
alkali atom’s valance electron. In the intrinsic SNS technique, the atoms are not per-
turbed by any additional external fields which keep the system in equilibrium with the
thermal bath and do not perturb the system. Moreover, we have also applied optical
fields to drive the system away from thermal equilibrium and detect finer information

about the spin system.

1.5 Spin relaxation and spectral line broadening

We have mentioned various spectroscopy techniques to measure the line-width of the
ground and excited atomic levels in section 1.4. The measured line-width of a particular
level infer the presence of various relaxation processes associated with the detected
atomic variables. The origin of the excited level (I > 0) line-width is purely quantum
mechanical (the presence of vacuum fluctuation of radiation fields in the universe)
as discussed earlier and the measured line-width can get broadened due to the in-
homogeneous Doppler and homogeneous power and pressure broadening.

In absence of any external driving, at thermal equilibrium, the atoms populate in
the ground hyperfine levels. The ground level of alkali metal atoms consists of two

hyperfine levels due to the hyperfine coupling as discussed in section 1.1.1. At thermal



1.5 Spin relaxation and spectral line broadening 17

equilibrium, the atomic population distributes among these ground hyperfine levels
with a population ratio that depends on the number of the magnetic (Zeeman) states
involve therein. The atoms are distributed equally among the Zeeman states within
the ground hyperfine levels at zero magnetic fields at room or higher temperatures.
The atoms in the ground hyperfine levels undergo various collisions due to the ther-
mal motion which significantly affects the lifetime of atomic spins and thereby affects
the spin coherence as well. Such relaxation processes broaden the line-width of the
magnetic resonance spectrum detected from the atoms in the ground levels at thermal
equilibrium. In this section, we briefly present the spin relaxation mechanisms of alkali
metal atoms in their ground hyperfine levels which are contained in a quartz cell filled
with inert gas at thermal equilibrium. We also indicate some practical techniques that
can control the spin relaxation processes and narrow down the magnetic resonance

spectrum detected with thermal atomic vapors.

Spin relaxation. The spin relaxation of an atom can be categorized into two parts:
spin lifetime (77) and spin-coherence time (73). The various spin relaxation mechanisms
due to the collisions with similar or other alkali atomic species, or buffer gases depend

on the collision rate (R),

R =nov (1.21)

where n is the density of the other atoms, o is the effective scattering cross-section,
and v is the average velocity of the atoms in the center of mass frame of the colliding
pairs.

In most of the spin relaxation processes, only the electronic spins get depolarized
while keeping the nuclear spins unaffected. Therefore, in an ensemble of many atoms,
the effective spin of the system preserves the coherence for some finite time after the
depolarization of the electronic spin. However, the degree of atomic spin coherence
depends on the nuclear spin (I) and the atomic polarization (P) of the system via the
nuclear slowing down factor ¢ [29, 33].

The relaxation in the spin-lifetime (77) [29, 34| depends on various factors such as
spin-destruction rate (Rgp), the collision with the container wall (Rwan), interaction
with the probe fields etc. The relaxation due to spin-destruction collision can happen
due to the collision with the same or other alkali atoms as well as collisions with buffer
gas atoms present in the cell.

The spin-exchange collision rate (Rgg) and the magnetic field in-homogeneity (Ry)
through the cell causes dephasing in the free precession of the transverse spin compo-
nent of atoms which relaxes the effective transverse magnetization of the system. Such

relaxation processes do not affect the longitudinal spin components. However, the relax-
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ation processes related to T will also contribute in 75 since those processes completely
randomize the atomic spin after the collision. Therefore the transverse spin-relaxation

time or spin coherence time (73) can be written as [29),

1 1 1
— ==+ —R R 1.22
15 T, * 4SE SE+ Fmy ( )

where ¢sg is the spin-exchange broadening factor.

1.5.1 Spin-exchange collisions

In the spin-exchange collision (SEC) between two alkali atoms, the electronic spin of
the individual atoms can be reversed while keeping the combined atomic spins (ﬁ 1 +ﬁ2)
of the colliding pairs a conserved quantity in the collision [34, 35]. Such a collision can
symbolically be written in terms of electronic spin orientation of the individual atoms

with respect to the combined atomic spins as [29],

AN+ B() = A() + B(1), (1.23)

where A(1) (B({)) represents the colliding alkali atoms A (B) with electronic spin
oriented along up (down). Since the combined atomic spins are conserved in the SEC,
the atoms can change their hyperfine levels after the collision. As a result, the SEC
randomly put atoms in different ground hyperfine levels (F') and the magnetic states

(mp) redistribute after the collision leading to a modifications in the spin coherence.

When a constant magnetic field is applied to detect the magnetic resonance spec-
trum at Larmor frequency (vr), the SEC leads to broadening in the spectrum if the
spin-exchange collision rate Rgg is slower than the vy. However, when the rapid SEC
collision rate exceeds vy, a line narrowing is observed in the spectrum [36-39|. This is
similar to the Dicke and motional line narrowing mechanisms known in atomic spec-
troscopy. This regime (Rsg > vp) is called the spin-exchange relaxation free (SERF)
regime where the atomic spins synchronously precess about the magnetic fields with
longer coherence time. In the SERF regime, the atoms which are randomly distributed
in the various Zeeman states due to the rapid SEC, spend more time in that hyperfine
level which has more statistical weight, i.e. F' = I 4+ 1/2. Therefore in the SERF
regime, the rapid SEC helps to preserve the atomic spin coherence.

However, in the other regime, we call a non-SERF regime, the SEC is the most
dominating factor to the loss of the atomic spin coherence [40]. In this thesis, we have

performed our measurements in the non-SERF regime i.e. v;, > Rgg.
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1.5.2 Spin-destruction collisions

Spin-destruction collision is another important spin relaxation mechanism where the
total spin of the colliding atomic pairs is not conserved. Such a collision can take
place between alkali-alkali atoms or between alkali-noble gas atoms. During the spin-
destruction collision between alkali atoms, the spin angular momentum is transferred
to the rotational angular momentum of the colliding dimer [29]. This collision can be

symbolically written as,

A() + BU) = A1) + B(). (1.24)

However, the scattering cross-section for spin-destruction collisions between alkali-
alkali atoms is extremely small — two to four orders of magnitude smaller than the
SEC. Therefore, the spin-destruction collision between alkali metal atoms does not play
a significant role in the relaxation of atomic spin unless the SEC is suppressed.

Further, the spin-destruction collisional cross-section between alkali and noble gas
atoms is orders of magnitude smaller than the alkali-alkali spin-destruction collision
([29] and references therein). Additionally, due to the closed shell structure of the noble
gas atoms, the alkali metal atoms do not get depolarize even after several collisions.
The buffer (noble) gas is generally used in the vapor cell to slow down the motion
of the alkali atoms to reduce the rate of collisions with the cell wall. In such an
application, the pressure of the buffer gas is chosen such that the spin relaxation due
to the collision with buffer gas is less than the most dominating factor of relaxation
mechanisms present in the system. However, the spin polarization of the excited level
(I > 0) valance electron of the alkali metal atoms gets heavily depolarized due to the
collision with buffer gas and causes huge pressure broadening in the system. This
happens due to the rapid collisional mixing between the excited level Zeeman states of
the alkali atoms [29].

1.5.3 Wall collisions

Another source of relaxation for the electronic spin of an atom is the bare inner side
glass surface of the container wall. A strong and rapidly fluctuating electric and mag-
netic field exists on the inner surface of the cell due to the ions and molecules of the
glass material [29, 34]. However, when an alkali atom strikes on the surface, it does
not bounce back instantaneously. Rather the atoms get adsorbed on the glass surface
for some finite length of time (us to ns range) [41]. During this time, the atom is

eventually stuck on the surface and move from one molecular site to another due to the
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thermal excitation and experiencing the fluctuating forces. Such rapidly fluctuating
and random forces on the glass surface completely depolarise the electronic spin of
the alkali atom and the details of the theory are given in the celebrated review article
[34]. Tt is certain that for every collision of the atoms with the bare glass surface, the
electronic spin gets completely randomized.

Wall collision is the most dominating factor for the spin relaxation of atomic elec-
trons unless this effect is minimized. For a glass cell of length 2 cm and atomic velocity
of 400 m/s, the atom interacts with the glass cell in every ~ 50 pus interval when the
vapor pressure of the atom is less inside the cell and no buffer gas is present. To pre-
vent, such collisions of the atoms with the walls, two techniques can be implemented.
The inner surface of the glass cell can be coated with the long chains of hydrocarbons,
such as paraffin so that the atoms can elastically bounce back from the coating sur-
face and do not get adsorbed by the glass surface. This technique can preserve the
polarization of the atoms for several thousand or millions of collisions with the glass
surface. Another technique is to fill the glass cell with closed-shell inert (buffer) gas
to make the slow diffusion of atoms inside the cell and take a long time to reach the
cell wall. In most of the high precision vapor cell applications, both techniques are
implemented to reduce the effect due to the wall collision. However, in our experiment,
we put high-density neon buffer gas inside the cell to reduce the wall collision while

keeping the inner surface of the cell coating free.

1.5.4 Magnetic field in-homogeneity

Another source of spectral line broadening mechanism is the magnetic field in-homogeneity
across the vapor cell. The magnetic field produced by the current-carrying wires in
Helmholtz configuration, in general, does not generate absolute homogeneous magnetic
fields throughout the atomic sample. However, across the cell, a slow magnetic field
gradient and a small but finite local magnetic field in-homogeneity result from a practi-
cal Helmholtz coil. Therefore the atoms at different positions inside the cell precess at
a slightly different frequency with respect to the average vy, which makes broadening
in the magnetic resonance spectrum. If the magnetic field variations across the cell is
V B, then the broadening in the spectrum can be expressed at Ry ~ v(VB).
However, when the vapor cell is free from other foreign gases and molecules and the
wall collision is reduced, the atom moves much faster inside the cell due to its thermal
motion. The atom spends a much shorter time in a particular position inside the cell
and does not significantly experience the local magnetic field variations. In this case,

the atoms precess with an average magnetic field which is free from the broadening
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due to the magnetic field in-homogeneity. Such a mechanism is called the motional
line narrowing in magnetic resonance spectroscopy.

Nevertheless, when the glass cell is filled with buffer gas aiming to make the al-
kali atom’s motion diffusive, the atom spends significantly longer time in a particular
position inside the cell and precess about the local magnetic field. In this scenario,
the broadening due to the magnetic field in-homogeneity is reflected in the spectrum

[42-45].

1.5.5 Transit time broadening

Transit time of the thermal atoms across the probing region is another source of broad-
ening mechanism in the spectral line. The transit time limits the measurement duration
of an atomic variable.

In case of cold atoms, the transit time through the probe beam naturally reduces.
Thereby, the transit time broadening effects are minimized. In this thesis, we have
demonstrated spin noise signal from an ensemble of cold atoms at 150 uK, where

transit time broadening effects are negligibly small.
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Chapter 2

Fundamentals of spin noise

spectroscopy (SNS)

2.1 Introduction

Spectroscopy technique is the fundamental investigatory tool for the determination and
characterization of the electronic, nuclear, and magnetic structure as well as chemical
compositions of a system with dimensions over a wide range from nano to astronomical
scale. The spectroscopic techniques are the backbone for modern scientific advancement
and rely on measuring the response of a system in terms of the frequency of the probe
radiation field.

The phrase—“spectroscopy” —had been grown up by investigating the interaction
of the electromagnetic field with the material systems. When a light beam passes
through a material, a part of it gets reflected and transmitted through the medium,
while the rest gets absorbed. Following the absorption of the light field by the material,
an additional light field with another frequency or wavelength can be emitted from
the system. The spectroscopy technique provides the knowledge of the frequency of
the incident light field will be absorbed and re-scattered. The spectrometers record
this information in terms of the incident electromagnetic field frequency—known as
“spectra” —gives the detailed information about the atomic and molecular structure
of the system under investigation. Each system has their characteristic spectra—like a
“fingerprints” —that uniquely identifies them and distinguish them from other elements
and compounds.

In a nutshell, the spectroscopy technique helps us to reveal the chemical and physical
structure of a substance, provide a precise structure of magnetic, electronic, nuclear,

and molecular levels. It also has important applications in bio-medical imaging. An
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enormous number of different spectroscopic techniques has been developed over the
past two centuries. Along with these developments, various form of radiative energy,
e.g. electromagnetic field, matter-wave, and acoustic wave has been used to analyze

the spectra.

In this thesis, we will discuss atomic spectroscopy, more precisely the spectroscopy
of the atomic spin. We have used a far off-resonant laser light to probe the instanta-
neous population dynamics of the atomic spin in ground hyperfine levels of rubidium
isotopes. The detected magnetic resonance spectrum in the radio frequency (RF) do-
main provides useful information in the context of quantum technologies in general,
quantum sensing in particular. In a broader sense, our study develops a novel spec-
troscopy technique within the field of—spintronics. We optically detect the “pattern
within randomness” of the atomic spin projection along the probe radiation field and
investigate the associated “fingerprints” for the rubidium atoms. This spectroscopy
technique, known as “spin noise spectroscopy (SNS)” has been developed in the early
1980s in atomic systems and further successfully extend to other physical, chemical,
and biological systems. We take forward this technique and develop it further in
atomic systems by implementing optical pumping and two-photon Raman coupling to
the systems. Our developments of “all-optical” spin noise spectroscopy open up the
realization of detecting spin correlation in equilibrium (within linear response) and
non-equilibrium (beyond linear response) conditions and find useful applications and
implications in other atomic, molecular, condensed matter, and photonics systems as
well as various metrological purposes. We have employed optical pumping and coherent
Raman coupling schemes separately to the rubidium ground hyperfine levels and Zee-
man states, respectively to make a steady non-equilibrium system, and thereby detect
the temporal transverse spin coherence of such system using a transparent probe laser
field. Most importantly we demonstrate experimentally, for the first time, a detection
of the intrinsic spin coherence in a ensemble of cold atoms via the technique developed

during this thesis work.

The fundamental constituents of an atom, such as electrons and nucleons possess
both charge and spin which can interact with any kind of electric and magnetic fields.
Over the past few decades, modern scientific research and technologies is shifting its
focus in the direction of spin-based rather than charged-based devices. The atomic
spin degrees of freedom can be manipulated using external magnetic and electric fields,
and measured non-invasively by optical fields. This accessibility of the atomic spins to
interact with various realizable fields made the subject rich in recent years. The sci-
entific research area “spintronics”, [46, 47| deals with the spin of a system as a carrier

of information, and turns out to be a promising tool in quantum information science,
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metrology, fundamental test of physics, and various other theoretical and experimental
investigations. These possibilities motivate researchers to study the dynamical proper-
ties of a spin system in equilibrium and various controllable non-equilibrium situations.
The spectroscopy technique based on measurements of temporal fluctuations of spin
of a system was developed using thermal sodium (Na) atomic vapor in the early 1980s
by Zapasskii et. al [48]. This modern spectroscopy technique, termed as — “spin-noise
spectroscopy (SNS)”— measures the spontaneous magnetization of a spin system on
the Faraday rotation angle of a linearly polarized and far detuned probe laser beam

passing through the system.

The spin noise spectroscopy technique is primarily developed as an experimental
tool to measure the temporal fluctuations of the magnetization of a spin ensemble in
thermal equilibrium. In the early SNS experiments [48-50], the magnetic resonance
spectrum between the Zeeman states was experimentally observed in the spin noise
(SN) spectrum to verify and show the feasibility and applicability of the technique. In
those experiments, a homogeneous magnetic field is applied on the spin ensemble across
the propagation direction of a far-off resonant and linearly polarized probe light which
passes through the system and detects the temporal fluctuations associated with the
Zeeman coherence between the spin components. In an ensemble of thermal atomic or
nuclear spins, the magnetization components across the light field direction fluctuate
over an average value of zero. However, the magnitude of this temporal fluctuation
of the transverse magnetization is extremely small and depends linearly as /n for
an uncorrelated paramagnetic spin system, where n is the total number of spins of
the system [49, 51]. Moreover, in presence of a homogeneous magnetic field, this in-
stantaneous magnetization precesses at the Larmor frequency. If the system does not
possess any spin fluctuations, the average transverse magnetization is always zero at
all times. The spontaneous spin fluctuations break the symmetry of the transverse
magnetization and appear as noise contained in the magnetization. According to the
fluctuation-dissipation theorem (FDT), [52, 53] the spontaneous microscopic fluctua-
tions of the spin ensemble results in a dissipation of the macroscopic magnetization
of the system at a particular rate — transverse spin-relaxation rate (1/75). Therefore,
a noise peak in the spectrum at the Larmor frequency is expected from the system
in presence of the magnetic field according to the FDT [54| which is known as spin
noise. The applicability of this technique was first realized by the researchers about
one decade later after this technique have been discovered, while working in different
aspects of research such as the non-demolition measurements of the spin squeezing of
an atomic ensemble with squeezed light [55], and the quantum noise measurement of

a spin-polarized atomic system [56].



26 Fundamentals of spin noise spectroscopy (SNS)

The random fluctuations over space and time are prevalent in a wide variety of
physical systems, and they can be a valuable resource for probing the characteristic
nature and internal structure of the systems. Therefore the measured noise in an
experiment is always not avoidable, and in certain circumstances, it provides valuable
information about the system from where it is generated. A few important examples of
such noises are the Johnson-Nyquist noise [57, 58], and the Brownian motion |18, 59, 60]
of a particle immersed in a bath. Using the FDT, the authors in [57, 58], showed the
variance of the voltage fluctuations per Hz resolution bandwidth can be written as
[52, 61],

(V?) = 4kpTR (2.1)

where kp is the Boltzmann constant and T is the equilibrium temperature in Kelvin.
Therefore, at thermodynamic equilibrium, the voltage fluctuations across the leads
determine the resistance of the circuit. This particular example shows the two-point
temporal correlation of the voltage fluctuations provides detailed information about
the quantity resistance in thermodynamic equilibrium.

In the Brownian motion, the random fluctuating force imparted on the heavy object
by the thermally agitated molecules in the bath changes the dynamics of the system.
This problem can be solved using a simple Langevin equation and using FDT, a relation
between the diffusion constant and friction coefficient of the system can be established.
The detailed analysis of this problem within the purview of the Langevin equations,
FDT, and Fokker-Plank equations in a classical and quantum domain provides a com-
plete dynamical characteristic of the system. Additionally, a few more examples where
the noise is a source of information are the intensity fluctuations in the emission of
random lasers [62, 63].

The above examples confirm that in some systems the presence of random, intrinsic
noise has a significant contribution to the dynamical behavior of the system. The
noise in the system helps us to understand the underlying physics and investigate
the dynamical structure factor of the system not only in the experimental perspective
but also in investigating fruitful theoretical developments [64-68|. In general, a spin
system also contains a detectable noise as a form of fluctuations in its magnetization

component and provides a valuable information about the system.

Spin noise spectroscopy. The SNS technique relies on measuring the intrinsic fluc-
tuations in the macroscopic magnetization of a spin system projected along the probe
beam propagation direction. The noise or fluctuations of a physical observable is de-

fined as the deviation of its instantaneous value from the mean. This noise can have
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classical and(/or) quantum origin, however, this is the fundamental quantity associated
with any observable. In an atomic spin ensemble, the fundamental noise in magneti-
zation can exist in the form of random population fluctuations between the various
magnetic states [56, 69]. Measurement of such magnetization noise of the magnetic
material gives the complete picture of the dynamical susceptibility of the system which
in turn provides all the details about the magnetic properties of the system [70]. SNS
[1, 3, 71-74] is a non-invasive experimental tool that detects the temporal fluctuation
of the magnetization of a magnetic system using an off-resonant optical probe laser

field through Faraday rotation fluctuation measurements.

As early as 1845, British scientist Michael Faraday discovered the magneto-optical
effect, which is known as the Faraday effect or Faraday rotation. Briefly, the Faraday
rotation is the rotation of the polarization angle of a linearly polarized light passing
through a magnetic material in presence of a magnetic field along the light propagation
direction. The Faraday rotation angle is proportional to the strength of the magnetic
field and the length of the sample. The origin of the Faraday rotation is the difference
in the index of refraction for the left- and right-hand circularly polarized light in the
medium — property of the medium known as circular birefringence. A century later,
in 1946, Felix Bloch derived the dynamics of the magnetic moment in presence of an
external magnetic field in his celebrated paper “Nuclear Induction" [51]. Later, this
topic gets more clear in further investigations on the dynamics of magnetic moments
in presence of various external effects such as diffusion of magnetic moments, inhomo-
geneity in magnetic fields, presence of relaxation mechanisms, etc [75]. SNS detects the
fluctuations of magnetization of a spin system at Larmor frequency in presence of an
external magnetic field. However, in the SNS technique, the linearly polarized probe
laser beam detects the fluctuation of magnetization of a spin system as a fluctuation
in its’ polarization angle, an effect known as paramagnetic Faraday rotation. In the

following section 2.2, we describe briefly the basics of the SNS technique.

After the first successful attempts in thermal atomic vapor in 2004 [4] and in solid-
state systems in 2005 [76], this technique manifests a highly potential experimental
tool to extract valuable information about the system under investigation. After these
measurements, in the last two decades, this technique has been established as an inter-
disciplinary experimental method and applied to numerous spin systems to investigate
them. The exploration of new physics and implementation to unexplored systems
within this technique has been continuing till date and in the future also. As an ex-
ample, we have developed a method to detect the intrinsic spin fluctuations from an
ensemble of magneto-optically trapped cold rubidium atoms at a temperature of 150

pK [17]. In this paper, we have also indicated the potential of this technique in cold
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ionic systems, and ultra-cold (in the nK temperature range) Bose and Fermi gases
trapped in optical lattices or magnetic fields, opening up a wide range of exciting

physics studies.

Applications in condensed matter and photonic systems. The applications of
this technique in semiconductor heterostructures provide useful information about the
conduction electronic spins. However the coherence times of the conduction electrons
are extremely small (in the range of ns to ps), and the first detected SN signal from
n—doped GaAs sample |76] was extremely weak. In this paper, they have measured the
spin-relaxation time and Landé g—factor of conduction electron. A significant effort
has been made [77-79] in developing sophisticated hardware and software to extract
the SN signal from such a system with good SNR. The temperature dependence of
these two parameters in thermal equilibrium is investigated in [78]. The SN power
with different doping concentrations is performed in [80, 81]. The probe laser inten-
sity and wavelength-dependent SN spectrum of bulk semiconductor is explored in [82].
The ultra-fast pulsed measurement of SN in highly n—doped GaAs semiconductors
show magnetic field dependent large g—factor fluctuations and reported in [83]. The
inverse Faraday effect [84] using SNS was observed and demonstrated in [85]. The
interaction between the spin of conduction electrons and polarized nucleus is observed
and reported in [86]. The SNS experiments performed in the condensed matter and
photonic systems not only verified the existing theories, however, this technique also
revealed some unpredicted physics of the systems. There has been remarkable progress
to extend the applicability of SNS in theoretical investigations and experimental re-
alizations in semiconductor heterostructures, quantum dots (QDs), exciton-polaritons
and similar systems in recent years [87-142|. These works demonstrate that SNS is
an efficient technique to resolve unsolved questions and explore new phenomenon in

material science.

Applications in atomic systems. The atomic systems can be classified into two
categories depending on their temperatures: (a) Thermal atoms that follow Boltz-
mann distribution function and are treated as classically, and (b) Cold atoms below
the critical temperature for bosons and Fermi temperature for fermions follow Bose
and Fermi statistics, respectively and treated as quantum mechanically. The average
occupancy for thermal atoms in a state is much less than one, whereas the atoms tend
to gather in the lowest energy state for bosons and arrange themselves till Fermi energy
for fermions. The origin of spin noise in thermal and cold atoms has emerged from

completely different interaction mechanisms and probably has different characteristic
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features. So far researchers have extensively studied the SNS with thermal atomic va-
por, explored a lot of new physics, discovered practical applications, and proposed new
possibilities which can be carried out in the future. On the other hand, the research
activities on implementing this technique in cold atoms have just started which surely

opens up a new experimental research field full of interesting unexplored questions.

Recently, easily accessible atomic vapors seek significant attention in many practical
and low-cost applications, such as precise electric [143] and magnetic field [35] sensing
and their imaging, quantum memory, and quantum information processing [144, 145],
time and frequency standards, inertial force sensing, optical switches, isotope sepa-
ration methods [146], spectroscopic reference [147| for cold atom experiments, etc in
addition to the fundamental research interests [148-150]. For most of the applications,
the measurement is based on the detection of atomic spin polarization in a preferred
direction. However, the fluctuations in spin polarization limit the precision achieved to
these applications, and the further development of these applications depends on the
understanding of the origin of SN and to control them systematically. There have been
considerable efforts paid to suppress the undesirable spin fluctuation using feedback
control in cold atoms [151, 152] at the temperature of 100’s of uK range, which can
also be performed in the specially miniaturized thermal atomic sources. The execution
of this technique in various systems to explore new physics and for low-cost practical

applications have a bright future.

After the successful implementation of SN measurement based on Faraday rotation
fluctuations in thermal Rb and potassium (K) atoms by Crooker et. al [4], the detailed
theoretical derivation for SN spectrum in longitudinal and transverse magnetic field, as
well as the inter-hyperfine spin fluctuations of thermal *'K atoms are studied in [153].
The theoretical investigations and measurements of transverse spin-relaxation time (7%)
at low magnetic fields of Rb atoms are investigated in [154]. The SN measurements in
presence of a static and oscillating magnetic fields simultaneously was performed in [87].
A quantum random number generator based on atomic SN limited by 75 is proposed
in [155]. After the successful implementations in thermal atomic vapor, a numerous
amount of experiments, theoretical studies, proposal and practical applications within
the SNS technique has been explored in atomic spin systems [2, 5, 15, 17, 20, 21, 73,
91, 92, 126, 156-179]. In the following section, we will briefly discuss the basics of the

formation and detection of SN in atomic systems.
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2.2 Theoretical background

Let us first assume a simple magnetic system in which the magnetic coherence is being

detected using the Faraday rotation (FR) fluctuation-based SNS technique.

2.2.1 The spin system considered in this thesis

Let us consider an ensemble of non-interacting spins in thermal equilibrium at some
temperature T'. Here, the spin can be a free or bound electron, hole, or nuclear spin
which possess a finite magnetic moment. The equilibrium of the ensemble is achieved
through interactions between these spins and the thermal bath surrounding them. In
the classical regime, the presence of the thermal bath, as well as collisions, induces
fluctuations in spin polarization of the system. In the quantum regime, the spin fluc-
tuation happens due to the various contact interactions of the spin with other spins
surrounding them. Irrespective of their origin, the random spin fluctuations are ubiq-
uitous in every physical system, and probing them provides a valuable resource of the

characteristic nature and internal structure of the systems.

In this thesis, we have considered the magnetic states (mg states) within the ground
hyperfine levels (F'—levels) of rubidium atoms as the spin system. We have investi-
gated the various spin properties of such spin ensemble in a wide range of temperatures
ranging from 400 K down to 100’s of uK. However, in this regime of temperature, the
spin fluctuation is governed by the thermal effects, and the atomic spin ensemble can
be considered a paramagnetic system. The de Broglie wavelength associated with the
atoms is much smaller than the inter-atomic separation. Therefore, the spin fluctu-
ations over space, which infer the quantum many-body effects via spatial overlap of
the matter-waves, are not having significant contribution to the observed spin noise
signal. Nevertheless, the time-averaged value of the spin polarization or magnetiza-
tion, (M (t))7—e (T is the total averaging time) along any arbitrary quantization axis
is zero for this system. However, the variance of the magnetization ((M (t)M(0))) is
non-zero.

Within the optical SNS technique, a linearly polarized laser light on passing through
such a paramagnetic sample can passively detect these magnetization fluctuations along
the light propagation in its time-resolved Faraday rotation noise [1, 4|. Such detection
is feasible as the magnetization fluctuations in a paramagnetic sample alter its optical
properties which lead to Faraday rotation noise. The probe beam is kept far-detuned
(with a detuning J,) from any allowed optical transition of the medium to ensure

negligible scattering by the medium making SNS a relatively non-invasive technique.
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2.2.2 Optical detection methods

When light passes through a transparent optical medium, various properties of the
optical field, such as polarization, phase, intensity, etc may change depending on the
frequency of the light. The light beam after passing through such an optical medium
carries information about the static and dynamical properties of the medium in its
optical field. The spectral investigations of the transmitted or scattered light from
the medium, reveal the linear and non-linear characteristics of the medium. The FR
fluctuation-based spin noise detection of a spin ensemble can be distinguished into two
independent areas of research fields: the light intensity noise (LIN) spectroscopy and
optical field correlation (OFC) spectroscopy.

LIN spectroscopy. The LIN spectroscopy relies on measuring the two-point tem-
poral correlation of the transmitted light beam intensity (/(¢)) from the medium. The

power spectrum of the intensity of transmitted light in the LIN spectroscopy |[1]

2= / (I(0)I(t + 7))emdr, (2.2)

does not carry information at the optical frequency, rather provides dynamical informa-
tion of the system that modifies the intensity of the light beam in the time domain. In
LIN spectroscopy, the range of interest of the frequency depends on the 3 dB detection
bandwidth of the photodetector.

In the pre-laser era in 1955, the pioneering work by Forrester et al. [180] demon-
strate experimentally the Zeeman splittings between two emission lines of mercury
(Hg) vapor at the wavelength of 546.1 nm based on the LIN spectroscopy. The main
results obtained in this paper are that during the photoelectric conversion of the optical
field, the emission probability for electrons is proportional to the square of the total
electric field amplitude arising due to interference between its Fourier components. A
year later, Hanbury-Brown and Twiss [181] experimentally showed that by measuring
the spatial correlation of the light intensity noise coming from a far distanced remote
source, it is possible to measure the angular dimension of the source. These two are the
earliest and most famous experiments in optical physics which indicate that the noise
contained in the optical field can be informative. The experiments reported in [180]
and [181] mostly aimed to investigate the properties (spectral) of the emitted light,
rather than the dynamical or bulk properties of the medium from where it is gener-
ated. In these cases, the light emitted from the source is incoherent in nature, and the
power spectral density at the beat note frequency is extremely weak and hard to detect.

However, with the advent of laser technology, the development of LIN spectroscopy has
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been changed drastically. The laser light has an extremely high luminosity, a coherent
source of photon stream and can interact with a medium. These properties of laser
make the LIN spectroscopy more realizable and practical in two senses: in one hand,
the power spectral density at the beat frequency of the laser intensity modulation ex-
ceeds the photon shot noise level, and on the other hand, the transmitted laser light
through a medium provides not only the spectral properties of the light but also the
dynamical and bulk properties of the medium.

SNS is a type of LIN spectroscopy where the polarization of the transmitted laser
light is used and analyzed. The temporal variation of the intensity of transmitted
light proportionally varies with the polarization angle if the light is passing through
a polarization-sensitive instrument. Therefore, in SNS, the noise contained in the
polarization angle of the transmitted light is first converted into noise in the intensity

using the polarimetric technique.

(a) * —> Photodetector | T——> Sarsgft?er?

Light source

Spectrum
(b) * — analyzer —> | Photodetector

Figure 2.1: The arrangements of the photodetector and spectrum analyzer for LIN
(a) and OFC (b) spectroscopy technique [1| discussed in the main text.

OFC spectroscopy. The OFC spectroscopy technique deals with the spectral dis-
tribution of the optical field (E(t)) at the optical frequencies (~ 10> Hz), rather than
the intensity. In experiments, the OFC spectroscopy is performed by measuring the
intensity (|E(t)]?) of the light or by measuring the photo-current generated in the
photo-detector electronic channel since one cannot measure E(t), which is, in general,
a complex quantity.

The detected intensity at each optical frequency contain information about the

correlation properties of the optical field. According to the Wiener—Khinchin theorem

1]

I = / (E()E*(t + 7))e™"dr. (2.3)

Therefore, the optical spectroscopy can provide information about the field corre-
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lation with a temporal resolution of around 10~% s.

The basic difference between the LIN and OFC spectroscopy is the arrangements
of the photo-detector and the spectrum analyzer. In OFC spectroscopy, the spec-
tral decomposition of the light field is analyzed before getting detected by the photo-
detector. Whereas, in the LIN spectroscopy, first the photo-current is generated in the
photo-detector, and thereafter the spectral decomposition is analyzed in the spectrum

analyzer [1] as shown in Fig. 2.1.

2.2.3 Optical detection of spin noise

The principle behind the detection of the noise of a spin ensemble is that the suscepti-
bility of the medium is proportional to the magnetization of the system. Therefore, the
dynamics of the spin system magnetization can be read out by investigating the tem-
poral modifications in various optical parameters (intensity, polarization, frequency,
etc.) of the transmitted or scattered light through the medium. The “paramagnetic”
FR [182] of the transmitted laser light is directly proportional to the instantaneous
magnetization of the system. The paramagnetic FR on the polarization of the probe
laser happens due to the population fluctuations of the spin system in its available
magnetic states.

The difference in population between the ground level Zeeman (mp) states of a
paramagnetic spin system creates the corresponding difference in the absorption coef-
ficient (A) for the left- and right-hand circularly polarized light propagating along the
external magnetic field direction as shown in Fig. 2.2. This property of the medium is
called magnetic circular dichroism (MCD). The MCD can eventually be observed in the
optical absorption spectrum with different strengths for these two circular components
of light. For a linearly polarized incident light, the MCD modifies the polarization of
the transmitted light to be elliptical. The similar optical anisotropy of the medium,
according to the Kramers—Kronig relations, can also be observed in the index of re-
fraction (n) for left- and right- circular polarization, a property of the medium called
magnetic circular birefringence. This property of the medium rotates the plane of
the polarization angle of an incident linearly polarized laser light passing through the
medium is known as Faraday rotation (FR).

It is worth noting that both the procedure, FR and MCD can be used to probe the
dynamics of the spin system magnetization. However, since the MCD-based measure-
ments rely on measuring the absorption for two circular components of light near the
vicinity of the optical transition frequencies, this method is necessarily perturbative.

On the other hand, the FR-based measurements can be performed in the transparency
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Absorption (A)

Dispersion (n)

Frequency (®)

Figure 2.2: The formation of paramagnetic spin noise (SN) within the ground mag-
netic (Zeeman) states in atomic systems. (inset) A two level system (with ground
level energy K0 and excited level energy hwg) split into Zeeman states in presence of
(co-linear) magnetic field. (top) The instantaneous population fluctuations between
ground level Zeeman states causes instantaneous difference in absorption co-efficient
(AA) for ot and o~ light, that causes magnetic circular dichroism (MCD). (bottom)
The instantaneous fluctuations in A causes fluctuations in the refractive index (n) in
response to those components of light via Kramers-Kronig relation. The difference in
n for these two components of light, An causes Faraday rotation (FR) of the input
probe laser beam. The figure is reproduced from ref. [1].

region of the system with negligible optical excitation. Another important difference is
that, in the MCD-based measurements, the spin system magnetization can be probed
by measuring the frequency (near the atomic resonance frequency) dependent trans-
mitted beam intensity of the circularly polarized light. However, in the FR-based
measurement, a polarization-sensitive detection set-up is required, since practically
the intensity of the transmitted beam is unchanged.

Another important point to note is that in the classical definition of FR, the probe
light propagates along the external magnetic field direction. However, the light beam
detects the magnetization of the spin system along with its propagation direction ir-
respective of the direction of the applied magnetic field. Therefore, the FR-based
technique can be used to measure the optical orientation of the macroscopic magneti-

zation [183| as well as to probe the coherently precessing transverse magnetization to
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detect the magnetic coherence of the spin system [184]|. The macroscopic magnetization
fluctuations of a spin system along the light propagation direction (regardless of the
direction of the applied magnetic field or whether its absence) alter the optical prop-
erties of the medium along the same direction. The component of the instantaneous
magnetization of the spin system along the light propagation direction is detected in
the polarization angle of a far-off-resonant probe light by the paramagnetic FR method.

On the contrary, in the measurements of Faraday rotation, the amount of polariza-
tion rotation angle of the linearly polarized probe light traveling through the medium
is characterized by the Verdet constant (V) of the medium quantifying the magneto-

optical effect. Simply, the polarization rotation angle (fr) can be written as
0 =V(w) B, (2.4)

where B is the longitudinal magnetic field, and [ is the length of the medium. V(w)
is the frequency-dependent Verdet constant. However, in the measurements of para-
magnetic FR, the quantity Verdet constant is irrelevant, rather how many spins are
contributing to give rise to this effect and how efficiently the magnetization along the
light propagation direction is converted into the FR — is more appropriate. The work
reported in [185] introduced a more convenient quantity, the FR cross-section o, which
defines the efficiency of the conversion of magnetization fluctuation to the detected FR
of a paramagnetic system. The instantaneous polarization rotation (fg(t)) can be

quantified as

ep(t) =0F Sm(t)l, (25)

where s,(t) = (ng(t) — ngy (t))/2 is the difference in the spin population densities
at time t along the light propagation direction Z. In the transparency region of the
probe laser light, the dependency of o on the laser frequency is nearly constant. op
quantifies the sensitivity of the FR to magnetization fluctuations of a specific spin
system and differentiates the efficiency of the paramagnetic FR technique with respect

to different spin systems.

2.2.4 Magnetic field and light propagation geometry

The magneto-optical effects, such as MCD or FR are used to investigate the dynamical
properties and energy structure of a transparent magneto-optical medium by measur-
ing the magnetic response function or ac magnetic susceptibility. Depending on the
configuration of the external magnetic fields and the light propagation direction, the

detected magneto-optical signal carries information about the various dynamical and
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static magnetic properties of the medium. In the traditional SNS technique, the probe
laser light propagates across the magnetic field to study the macroscopic magnetization

dynamics and the temporal coherence of the system.
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Figure 2.3: The light propagation and magnetic field configuration in Faraday (a) and
Voigt (b) geometry. The light beam (red trace) propagates along # and the magnetic
field direction is shown with the broken arrows. The spin noise amplitude (power) in
time (frequency) domain in each configurations are shown in left (right) column in the
bottom panel.

Nevertheless, depending on the interest of investigating the dynamics of the energy
relaxation or coherence dissipation of a system, the geometry of the arrangements for
the external magnetic field and the light propagation direction varies. However, to
measure the energy relaxation dynamics and its characteristics relaxation times (77),
the arrangement should follow the Faraday geometry. In the literature, 7T} is known
as longitudinal spin-relaxation time. For the measurement of coherence and its char-
acteristic times (transverse spin-relaxation time 73) of the spin system, one needs to
follow the Voigt geometry. In the traditional magneto-optical effect measurements, the
magnetic field applied along or across the light propagation direction, probes the mag-
netic field induced circular or linear anisotropy, respectively. However, in the FR-based
fluctuation measurement, this anisotropy may break the symmetry and the traditional
SNS technique measures the anisotropy of circular birefringence. The following two

basic geometries are:

~

Faraday geometry. In this geometry, the homogeneous magnetic field (B) is applied
on the spin system along the probe light propagation direction (l%), ie B | k as shown
in Fig. 2.3 (a). Therefore, the probe light detects the longitudinal fluctuations of

macroscopic magnetization of the spin system. More accurately, the dynamics of the
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energy relaxation between various spin (Zeeman) states are measured in the steady-
state condition. The characteristic time-scale for this dynamics is controlled by the
longitudinal spin-relaxation time or lifetime in a particular energy state, 7;.

The diagonal density matrix elements (]7)(i|) formed within the state-space spanned
by the Zeeman states are measured in this configuration. Therefore, the modulation
frequency associated with this detection technique in LIN spectroscopy is zero. The
random fluctuations of the longitudinal magnetization, therefore, do not impart mod-
ulation on the probe intensity. However, the lifetime (77) related to this dynamics
is revealed in the frequency spectrum of the magnetization. In the time domain, the
detected longitudinal magnetization noise appears as the white noise at frequencies
higher than that of the order of 1/7. Therefore the auto-correlation function of this
noise takes a shape of exponential with characteristic decay time T;. The frequency
spectrum of the longitudinal FR noise is therefore a Lorentzian in shape that appeared
at zero frequency with full-width at half-maxima (FWHM) is proportional to 1/77.

The measurements of magnetization noise in the Faraday geometry only provide
information about the energy relaxation of the spin system, more precisely the linear
magnetic response of the system in the parallel magnetic field configuration. However,
this geometry does not provide any information about the various energy splittings
of the spin system, which is very important not only to study the various interaction
phenomenon causing such splittings but also to extend this technique to investigate
the higher-order correlator. Another drawback of this geometry is that the spectrum
appears at zero frequency where the measurement is highly dominated by the electronic
1/ f—noise. Suppressing such universal 1/f—noise and detecting the longitudinal FR
noise at zero frequency with a good signal-to-noise ratio (SNR) requires advanced

hardware and very long acquisition times.

Voigt geometry. The drawbacks mentioned in the Faraday geometry can be over-
come by changing the orientation of the magnetic field to the probe beam propagation
direction in Voigt geometry. In this geometry, the magnetic field (B) applied on the
spin system is orthogonal to the probe light propagation direction (l%), ie. B L1k as
shown in Fig. 2.3 (b). Therefore, the probe laser light detects the spontaneous trans-
verse magnetization of the system. In the density matrix formalism, the dynamics of
the coherence between the Zeeman states (off-diagonal elements of the density matrix,
|i)(j|) are captured in the detected polarization angle of the transmitted probe laser
through the spin system. In this configuration, the magnitude of the transverse mag-
netization vanishes. However, the spontaneous magnetization in time domain is still

detected because its random fluctuations spontaneously breaks the symmetry of the
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spin system.

Since in this geometry, the detection of spontaneous Zeeman coherence is involved,
the spectrum will appear at the separation between two Zeeman states (|(E; — E;)|/h,
where |i — j| = 1) and discussed in details in the next chapter. The relevant timescale
in this measurement is the coherence time (75) of the spin system.

An important point to note that, in the electron spin resonance (ESR/EPR), or
nuclear magnetic resonance (NMR) spectroscopy the spin system is exposed to a reso-
nant RF fields, which necessarily perturbed the system away from thermal equilibrium.
However, in the optical FR-based SNS technique, the spin system is not perturb by
any external oscillatory field. In the SNS technique, the relaxation in the coherence of
spin system in thermal equilibirum induces atomic population to randomly fluctuate
between available spin states. This random fluctuations of population between spin
states is non-invasively detected by the off-resonant probe beam and a polarimetric
detection set-up.

The thesis is organized as follows. In the previous chapter (chapter 1), we dis-
cuss the prerequisite for this thesis. In this chapter (chapter 2), the details of the
basic ingredients for the formation and optical detection of spin noise in an atomic
system are discussed. In chapter 3, we present the relevant equations describing SN in
Voigt geometry in an ensemble of thermally equilibrium alkali atomic vapor. In this
chapter, we describe the details of experimental arrangements and detection of intrin-
sic (equilibrium) SN signal and its characteristic features with various experimental
parameters.

In chapter 4, we discuss the applications of SNS in precision measurements of
atomic, magnetic, nuclear, and chemical properties of the Rb atoms. This method
can be applied to any other spin system to measure those properties. We have also
developed precision magnetometry using the SNS technique that can suppress the Hall
probe magnetometer and discuss it in detail in this chapter. The measurements of SN
from an optically pumped non-equilibrium but steady-state system are discussed in
this chapter and its various applications are indicated.

In chapter 5, we present the SNS technique with coherent optical driving in thermal
atoms. We have theoretically developed and experimentally demonstrated a million
folds enhancement of the driven signal strength in comparison to the intrinsic SN
signal. The theoretical derivation of intrinsic and Raman driven SN in an atomic
system is discussed based on optical Bloch equations (OBEs). We also present how
one can extract the information about intrinsic spin properties from such a driven
spectrum. The generation of higher harmonics and detection of line-narrowing in the

intrinsic SN signal due to Raman coupling are discussed.
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In chapter 6, we discuss in detail the development of our low-cost real-time mag-
netometer system using the digital-receiver system (DRS) and SNS technique. In
chapter 7, we present our state-of-the-art cold atom machine that magneto-optically
traps (MOT) about ten million atoms at a temperature of 150 puK. The complete
characterization of the cold atoms is discussed in detail in this chapter.

In chapter 8, we demonstrate, to the best of our knowledge, the first detection
of spin noise from an ensemble of magneto-optically trap Rb cold atoms using the
SNS technique and by employing Raman coupling. The relaxation in spin coherence
between Zeeman states in such cold atoms is measured and presented in this chapter.
In this proof-of-the-principle experiment, the details of the signal formation, detection,
and characterization are presented. We finish the thesis with concluding remarks and

outlook in chapter 9.
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Chapter 3

Spin noise spectroscopy (SNS) in

thermal atoms

In this chapter, we describe the detection of the intrinsic spin noise signal from ther-
mal Rb atoms in equilibrium. The random fluctuations of the spin population between
Zeeman states of ground hyperfine level lead to fluctuations in the macroscopic mag-
netization of the system in real-time. This fluctuation in magnetization is regarded as
“spin noise” and is detected as a polarization fluctuation of a linearly polarized and
far-detuned probe laser light as described in chapter 2.

We start with a simple equation (Eq. 3.1) that governs the dynamics of the spin
systems’ magnetization projected along the detection axis in presence of an orthogonal
homogeneous magnetic field and dissipation due to the spin fluctuations. Afterwards,
we present a detailed description of the experimental setup and relevant optical and
electronic components. We show the spectrum of the intrinsic SN in thermal equilib-
rium and indicate the role of the magnetic field directions used in this technique. The
characterization of this technique with various experimental parameters is presented

towards the end of this chapter.

3.1 Spin dynamics and the spectrum in Voigt geom-

etry

The intrinsic random fluctuations of the macroscopic magnetization reveal the charac-
teristic relaxation times of the spin ensemble. In the presence of a constant magnetic
field, the spontaneous transverse spin polarization precesses at the Larmor frequency
(vg) about the magnetic field. Assuming a single exponential transverse spin relax-

ation (coherence) time Ty and a magnetic field B being orthogonal to the probe laser

41
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propagation (), we can obtain the temporal correlation of magnetization along the

probe beam from the Bloch equation
(M, (t)M,(0)) o cos(vpt)e 2, (3.1)

where the Larmor frequency v, = grupB, /h, gr is the g-factor of the hyperfine F-

levels, pup is the Bohr magneton and A is the Planck’s constant.

In practice, the random fluctuations in the macroscopic transverse magnetization
precesses at frequency vy about the magnetic field with an “effective” spin coherence
time 77. Here, the system is subjected to various in-homogeneous broadening, such as
spin-exchange and spin-destruction collisions, magnetic field in-homogeneity, collisions
with the container walls and finite transit time. The spontaneous dynamics of M, () is
pictorially depicted in Fig. 3.1. Note that this is a schematic representation of the spon-
taneous magnetization of an atomic system, and not an experimental measurement.
The schematic shows the time average value of the magnetization is zero, however the
variance — the strength of the noise — is non-zero. Here, the y-axis is the instantaneous
magnetization of the system projected along the light propagation direction (M, (t))
and does not have any unit. However, the experimentally measured quantity — Faraday
rotation (fg(t)) — is proportional to M, (t) and has a unit of radians. The proportion-
ality constant between M, (t) and 0p(t) contains the units radians. The x-axis is the
time with unit of a sec. Therefore, the auto-correlation function of the spontaneous
magnetization, as shown in Eq. 3.1, is an oscillatory envelope with exponential decay

of time-scale 7.

The measured Faraday rotation fluctuation (6x(¢)0r(0)) (0r(t) is the Faraday ro-
tation angle at time ¢) is a direct probe of the magnetization fluctuation (M, (t)M,(0))
of the system in thermal equilibrium and its Fourier transform to spectral frequency v

is the power spectral density P(v) of the spin noise. Therefore,

Pv>0) = /000 dt cos(vt)(0r(t)0r(0))

/T3
(v —vp)* + 1/T3%

o (3.2)
where we have used Eq. 3.1 in the last line with 75 replaced by 73. So, the SN power
spectrum has a Lorentzian lineshape centred at vy, in frequency domain (refer to the
peaks in the SN amplitude spectrum /P (v > 0) in Fig. 3.5 for 8Rb or **Rb) and its
full width at half maxima (FWHM) is proportional to 1/7;. The peak position of the

SN spectrum, i.e. vy, is the beat-note frequency between the consecutive Zeeman states
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Figure 3.1: The trajectory of spontaneous magnetization (M, (t)) of the spin system.

(Amp = £1 ). The intrinsic SN spectrum is the optically detected magnetic resonance
signal of the spin system.

The energy of the Zeeman states Er,,, of hyperfine F-levels for alkali atoms in an
arbitrary magnetic field B, has an exact expression following Breit and Rabi [186],

hApg

EF:I:I:%,mF = —m + grupBimp

h,Ahf\/ 4mF
4 1 2 33
2 NETES R (3.3)

where hAns, ¢g; and mp are the zero-field hyperfine separation between the levels
F =1+ % and F' = [ — %, the nuclear g-factor and the magnetic quantum num-
ber, respectively. Here, © = (g; — gr)pupB./(hAys) where gy is the Lande g-factor and
the nuclear spin I = 3/2(5/2) for Rb(**Rb). Since, the SNS detects the spin coher-
ences between different Zeeman sub-levels (Amp = +1), the frequencies of different

magnetic resonance peaks have a nonlinear dependence on B [22].

The SN signal strength. The integrated SN power over spectral frequency, ¥ =

f dvP(v > 0), of the detected signal depends on various experimental parameters such
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as probe laser detuning (0,), intensity (,) and cross-section (A), number density (no)
of atomic spins and the length (1) of the cell, etc. This dependency can be written as
1, 4, 153],

I? (ol

Y x 6—% (7) . (3.4)
The details of the theoretical description of the SNS are discussed in [153, 171].
The theoretical derivation for spin noise in an atomic system is discussed in chapter 5
using master equations of the density matrix correlations between the Zeeman states
manifolds. The integrated SN power ¥ becomes asymmetric over 4, for ¢, ~ 0 due
to the non-vanishing coherences between the ground and excited state hyperfine levels
of the atoms [158]. This asymmetry in ¥ is shown later in this chapter and discussed
in detail. The asymmetry in ¥ also depends on the homogeneous and inhomogeneous

broadening present in the medium [158, 187| and discussed in chapter 4.
Note that, the various measurements shown throughout this thesis are performed
using the light intensity noise (LIN) based SNS technique. We have performed and
shown the temporal two-point correlation of the spontaneously fluctuating transverse

magnetization (M, (t)) of a spin system in various temperatures.

3.2 Experimental set-up for LIN based SNS technique

The schematic of the experimental set-up for intrinsic SN measurements of thermal

rubidium atoms in equilibrium is shown in Fig. 3.2.

The probe beam. A linearly polarized probe laser beam (red trace) with tunable
frequency v, is sent through a 20 mm long quartz cell containing enriched ®'Rb vapor.
This probe beam is derived from a grating stabilized external cavity diode laser (ECDL)
in Littrow configuration having an instantaneous linewidth better than 500 kHz (refer
to Fig. 3.4 (a)). The probe beam with a Gaussian profile is focused inside the atomic
vapor to a 1/e? waist size of ~ 50 ym at the focal plane and a Rayleigh range of 4
mm. In order to study the dependence of the SN spectra on the probe beam detuning
d,, the probe frequency v, is varied over a large range of frequencies (~ 40 GHz). The
relevant energy-levels of 8"Rb are depicted in Fig. 3.3. The detuning of the probe laser
beam for addressing ' Rb atom is defined as 6, = v, — vp—g_, 13, where vp_g_,pr—3 is
the frequency between F' = 2 and F’ = 3 hyperfine transition line. We have used the
feed-orward mechanism to operate the laser in a mode-hop free regime. The frequency

v, of the probe beam is measured using a commercial wavelength meter (HighFinesse,
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Figure 3.2: Schematic of the experimental set-up for measuring spin noise (SN) spec-
trum. A linearly polarized probe laser beam along z is focused by a plano-convex lens
of focal length 20 cm before entering the vapor cell. The transmitted probe beam is
sent through a polarimetric set-up comprising of a half-wave plate (HWP) and a polar-
izing beam splitter (PBS), and then it is collected by a balanced photo-detector which
is connected to a swept-frequency spectrum analyzer (SFSA). A constant magnetic
field B, along 2 is applied on the atomic vapor using two magnetic coils in Helmholtz
configuration.

model-WSU2) with a relative accuracy of £ 1 MHz. The plane of polarization of the
probe beam before the glass cell is controlled using a half-wave plate (HWP) and a
polarizing beam splitter (PBS). We have managed to get the linear polarization quality
of the probe beam better than 99%.

We have measured the linewidth of the probe laser beam by beating it with an-
other laser beam generated from an independent ECDL source. We have taken an
interferometry approach where the probe laser beam and a reference laser beam over-
lapped on a non-polarising beam splitter (NPBS). One of the outputs from NPBS is
fed to a fast photo-detector, and observed a temporal interference pattern on the os-
cilloscope at the difference of the two laser frequencies (355 MHz). For the linewidth
measurement of the probe laser, we have connected the output of the photo-detector
to a swept frequency spectrum analyzer (SFSA) to investigate the spectral properties
of the interfering beat signal. The spectrum of the beat signal is shown in Fig. 3.4 (a).
The spectral width of the signal is ~ 500 kHz, which infer that the linewidth of the
probe laser beam is below 500 kHz. Another parameter of the probe laser beam which
plays an important role in the measurement is the cross-sectional area at the center of
the glass cell. As shown in Eq. 3.4, the total integrated noise power depends inversely
on the probe laser cross-sectional area. Therefore, we tightly focus the probe beam at
the center of the vapor cell to collect the SN signal with good SNR when the other
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experimental parameters are fixed. To do such beam shaping of the probe laser, we
first expand the beam using a telescope (the plano-convex lens pairs are: f; = 5 cm
and fy = 15 cm) to generate a collimated beam with diameter 3 times larger than the
initial beam (initial beam diameter ~ 1.3 mm). Thereafter, the expanded beam is sent
through a plano-convex lens with a focal length of 20 cm, which generates the tightly

focused beam at the center of the glass cell as mentioned earlier.
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Figure 3.3: The relevant energy level diagram for D, transition (551, <+ 5%Pyo
at 780 nm) of 8"Rb atoms and the frequency of probe laser beam. The two ground
hyperfine levels (F' = 1 and F' = 2) are separated by ~ 6.8 GHz. The probe laser
frequency v, is detuned by 9§, from the F' = 2 — F’ = 3 transition, i.e., J, = v, —
Vp—g9 ypi—3, Where vp_s ,p—3 is the frequency between F' = 2 and F’ = 3 hyperfine
levels. The g—factors of the two ground hyperfine levels are also indicated. The
Zeeman states of the ground hyperfine levels in the presence of external magnetic field
are depicted.

The wvapor cell. The quartz cell is filled with neon buffer gas along with enriched
87Rb atoms at a pressure of 200 millibar in order to make the medium diffusive for
Rb atoms. The inner surface of the cell is bare and anti-relaxation coating-free. The

neon gas increases the transverse transit time of the atoms across the probe beam from
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~ 200 ns to ~ 100 us providing sufficient time for acquiring time-resolved Faraday
rotation signal for the accurate detection of the atomic properties. We collect each
real-time Faraday rotation signal for a relatively long time duration compared to the
transit time. The spin lifetime or coherence time of Rb atoms at room temperature
[188] is longer than the transverse transit time (~ 100 us). The inert gas neon is chosen
because the collisions between Rb and neon do not change the spin state of the Rb
atoms in the ground hyperfine levels. However, the presence of the buffer gas modifies
the linewidth of the excited hyperfine levels via electromagnetic interaction. Buffer
gas broadens the linewidth and shifts the level of the excited hyperfine levels. The
nature of the broadening of the excited levels is the same for all the atoms in the cell
irrespective of their velocity. This buffer gas-induced broadening of the excited level
linewidth is known as pressure broadening and it is homogeneous in nature. This pres-
sure broadening has various consequences in the measurements which will be discussed
later in chapter 4.

We have heated the vapor cell during the experiment to increase the number density
of the atoms. In order to study the dependence of the SN signal (see Eq. 3.4) and the
effective transverse spin relaxation time (73) with various densities (i.e. temperature
of the cell) of the atomic spins, one needs to vary the temperature of the cell in a
controllable manner. To heat the quartz cell, we have made a 5 mm thick aluminium
jacket and the vapor cell is inserted within it. We kept a 3 mm diameter circular
opening on both sides of the jacket to pass the laser beams. The outer surface of
the jacket is wrapped with a heating tape that is connected to the heating controller
(OMRON, Model no. - ESCN-R2MT-500). We directly heat the aluminium jacket
which passively heats the glass cell and controls the temperature of the atomic system.
The typical time taken for the heating controller to reach a steady-state temperature

is around 20-30 minutes and the temperature stability is £1.5°C.

The homogeneous magnetic field. The atoms are subjected to a uniform, constant
magnetic field (B, 2) orthogonal to the direction of propagation of the probe beam
() during the experiments. The magnetic field is generated using a pair of circular
coils (both have several layers and several turns with a diameter of 17.6 ¢cm) in the
Helmholtz configuration. The generated magnetic field is uniform along the length
of the cell within £0.4% as shown in Fig. 3.4 (b). The magnetic coils are connected
to an Agilent power supply with current stability of better than 10 mA. The vapor
cell and the magnetic coils are shielded with a mild-steel box (u/py = 2000) to avoid
any unwanted stray magnetic field, and undesirable frequency noise coming from other

laboratory instruments.
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Figure 3.4: (a) Measurement of the laser line-width of the probe beam using the
beat signal. We beat the probe laser beam with another external cavity diode laser
(ECDL) beam on a non-polarising beam splitter (NPBS), and measure the spectrum
of the beat in SA using high bandwidth photo-detector (PDA10A2, Thorlabs). The
instantaneous (maximum) measured line-width of the ECDL beam is to be about 500
kHz. (b) The measured radial magnetic field profile of the Helmholtz coil using Hall
probe magnetometer along the probe beam propagation direction. The 2 ¢cm long Rb
vapor cell is placed near the region of uniform magnetic field distribution.

The polarimetric set-up. The focused probe beam after passing through the glass
cell is first collimated using a 20 cm long focal length plano-convex lens and then
separated into s— and p—polarized components using a polarization-sensitive set-up

as shown in Fig. 3.2(a). The polarimetric set-up consists of an HWP and a PBS.

The detection set-up. The detection set-up comprises of a balanced photodetector
(Newport model no. 1807-FS) and an SFSA (Agilent CSA Spectrum Analyzer Model
no. N1996A, frequency range 100 kHz - 3 GHz). The two light components coming out
from the polarimetric set-up are fed into the two ports of the balanced photo-detector
which has a 3 dB bandwidth of 80 MHz and a good common-mode rejection ratio of
25 dB. The output of the balanced detector is directly connected to the SFSA whose
resolution bandwidth (RBW) is adjusted between 100 Hz to 1 kHz. The spectrum
analyzer was set on continuous averaging mode for one to three minutes for recording
various SN spectra presented in this thesis. We have aligned the HWP of the polari-
metric set-up by making the photo-current generated by the balanced photo-detector
zero on the oscilloscope screen.

A general remark is that in this technique the separated probe beam after the

polarimetric set-up first falls on the balanced photo-detector and generates a photo-
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current in its electronic channel. In this process, the information of the electric field of
the probe beam vanishes. However, the atomic properties that modify the polarization
angle of the probe beam are only retained. Therefore, this technique can be called as

detection of SNS using LIN-based spectroscopy.

3.3 The intrinsic spin noise (SN) signal

We have discussed earlier that the experimentally measured Faraday rotation angle
(0r(t)) is the measure to the instantaneous magnetization (M, (t)) of the spin system
along the probe beam propagation direction (z). In the steady state of the system,
the temporal auto-correlation function of M, (t) (i.e. (M, (t1)M,(t2))) depends on the
difference of the two-time arguments (¢; —t2), and not their actual time stamps. This is
because of the translational invariance symmetry of time. The auto-correlation function
of this quantity can therefore be written as (M, (t)M,(0)), where we can fix the initial
time argument as t, = 0, and ¢ = t; — ¢, which in turn is proportional to the measured
(0p()0r(0)).

In the experiment, during the recording of M, (), the time steps (¢) of the detection
set-up should be much smaller than the characteristic relaxation time (in this case
Ty, without in-homogeneous broadening) of the spin system, i.e., t < T5. Another
important timescale is the total length of the measurement time (7,,,) which should be
much longer than the T, i.e., T,, > T5 to collect the complete trajectory of M,(t).
Further averaging with repetitive measurements with large time scale 7, will increase
further precision in the measurements of (M, (¢)M,(0)). However, let us consider there
are total N, number of measurement data points within the single data collection time
of T},,. Then it can be shown that the measurement of auto-correlation of M,(t) will
require the calculation of ~ N2 number of products of the auto-correlation function
[3]. The most conventional and widely used approach is processing the data using the
fast Fourier transform (FFT) and looking into its spectrum (i.e. Eq. 3.2). For the same
number of data points NV,, within the measurement duration of 7}, the typical FFT
algorithm will require ~ N,,log(N,,) steps to perform, which is much lower than the
N2,

Therefore the measurement of the spectrum for spontaneous magnetization (noise)
of the spin system along the probe beam direction is most convenient and useful, and
the signal in the frequency domain provides valuable information about the physical
parameters of the spin system. The balanced photo-detector and the SFSA used in the
measurement of the SN spectrum of an “atomic spin system” satisfies the requirements

mentioned above. A typical SN amplitude (y/P(v > 0)) spectrum of Rb atoms in
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thermal equilibrium at relatively low strength of the magnetic field B, (= 6.95 G) is
presented in Fig. 3.5.
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Figure 3.5: A typical SN amplitude spectrum at B, = 6.95 G and vapor cell temper-
ature of 105°C is shown for a probe beam detuning of §, = —10.2 GHz. The stronger
and weaker peaks are identified with 8Rb (|gr| = 1/2) and **Rb (|gr| = 1/3), respec-
tively.

This signal is obtained at vapor cell temperature of around 105°C with the atom
density for 8Rb is (4.6 +0.3) x 10'?/ecm?. The input probe beam is p-polarized (¢ || 2)
with total power of 600 uIW. The probe beam is red-detuned by 10.2 GHz with respect
to the Dy transition (at ~ 780 nm) of 8Rb, FF = 2 — F’ = 3. The detuning of the
probe beam in the range of GHz frequency is achieved by tuning the laser current and
the voltage on the piezo transducer attached to the grating in the ECDL. The absolute
laser frequency is measured using a high-resolution wavelength meter (HighFinesse,
model-WSU2) which has a frequency measurement accuracy of 1 MHz. First we locked
the laser on the line ' = 2 — F’ = 3 transition and noted down the laser frequency
on the wavelength meter (384.228400 THz). Then we unlock the laser and adjust the
current and piezo offset to move the laser frequency (for example, 384.218200 THz)
to get the 10.2 GHz red detuned probe beam. While scanning the laser frequency,
we continuously monitor the frequency of the laser in the wavelength meter. Two
distinct noise peaks, one at 3.24 MHz and another at 4.87 MHz, are observed and
identified as arising due to spin fluctuations among the intra-hyperfine Zeeman states
(AF =0, Amp = £1) of 3Rb and 3"Rb, respectively. Note that, we have a glass cell

filled with isotopically enriched 8"Rb atoms. However, there is a small contamination
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(~ 9%) of ®Rb isotopes present in the cell along with the 8’Rb. Therefore the signal
for Rb is coming due to this contamination from the cell. The photon shot noise
background of ~ 350 nV.Hz '/? is subtracted from the noise spectrum. The photon
shot noise is measured by removing the vapor cell from the set-up. We performed the
measurement starting from 2 MHz to avoid the low-frequency electronic contribution
in the photon shot noise. With our detection setup, we checked that the photon shot
noise is broadband and flat after 1 MHz. The observed SN peaks are narrow (7 ~ 100
kHz) compared to the excited hyperfine linewidth (7 ~ 6 MHz) and the peak positions
(which occur at the v7) can be detected with a precision of ~ 1 part in 10°. This makes
it possible to employ SNS for a variety of precision measurements as we demonstrate
in the subsequent chapters. Since the magnetic field is orthogonal to the probe laser
propagation direction, the optical field effectively couples to the magnetization operator
of the spin system with the selection rule of Amp = 41, where my is the projection
of the Zeeman states along the magnetic field direction.

The SN amplitude spectrum for the ®Rb atoms are detected by the probe laser
beam with different detuning (9, ~ —11.3 GHz from 5251/2, F=3— 52P3/2,F =4
transition) that has been mentioned above. The relevant energy level diagram for
%Rb atoms are presented in chapter 2. The SN signal corresponds to 8’Rb (**Rb)
are the contributions of a total six (ten) Zeeman coherence signal as can be seen by
the Zeeman states of the ground hyperfine levels presented in Fig. 3.3. Since in this
low magnetic field (= 6.95 G) the Zeeman energy separation between the consecutive
states is similar, they all appear at the same frequency.

Note that the intrinsic SN spectrum corresponds to inter-hyperfine spin fluctuations
(AF =1, Amp = +1) of Rb atoms appear near the frequency of the ground hyperfine
level separation for the corresponding atoms (~ 6.8 GHz for 8"Rb, and ~ 3.0 GHz for
%Rb).

3.4 Units for the SN spectrum

We have presented the amplitude spectrum of the spin noise in Fig. 3.5, which is the
square root of the power spectrum (/P(rv > 0)) as shown in Eq. (3.2). According to
the Eq. (3.2), the unit for the power spectrum (P(v)) is proportional to the second.
However, here we clarify the fact that the experimentally measured power spectrum of
the probe laser’s Faraday rotation fluctuations is proportional to P(v), and the propor-
tionality constant (with a unit) depends on the atom-probe laser coupling parameters
(e.g., probe intensity, probe detuning, oscillator strength, and so on). In the experi-

ments, first, the optical field of the probe laser generates a photo-current in the balance



52 Spin noise spectroscopy (SNS) in thermal atoms

photo-detector. Thereafter, the generated photo-current produces a voltage through
a transimpedance amplifier which is recorded in an SFSA. Therefore, the unit of the
power spectral density is V2/Hz. The SFSA has an input impedance of 50 ohm. If we
divide the signal recorded in the SFSA by the load resistance (R = 50 ohm), then the
unit of power spectral density becomes Watts/Hz (according to the relation: power =
voltage? /R).

Therefore, the unit for the power spectrum is W/Hz (or V?/Hz) and the unit for
the amplitude spectrum is V/Hz~'/2, which are the two complementary representations
of the unit for the spectrum. In this thesis, we will alternatively use both the units
for the spectrum to represent the signal as well as to characterize and extract various
atomic, nuclear, magnetic, and chemical parameters. A discussion regarding the usage

of the units is discussed in Appendix E.

3.5 Characterization of the SN signal

In this section, we will discuss the SN spectrum and its dependence on various ex-
perimental parameters. We have studied the integrated SN power (in Watts unit) or
amplitude (in Volts unit) as a function of various probe beam parameters (such as
power, detuning, etc), the polarization state of the probe beam, magnetic field ori-
entations, atom density, etc. We have also studied the FWHM of the SN signal as
a function of those parameters. Before proceeding to these discussions, we will first
present the SN signal where the atomic spins are subjected to in-homogeneous and

laboratory stray magnetic fields.

3.5.1 SN spectrum with in-homogeneous and stray magnetic
fields

The SN signal shown in Fig. 3.5 has been taken in presence of a uniform and homo-
geneous magnetic field. The square of the signal (i.e. P(v)) is Lorentzian and can
be fitted with Eq. (3.2). However, the homogeneous magnetic field does not play any
role in the spin-relaxation process by flipping the spins, or by spatially varying Larmor

frequency.

SN spectrum in presence of in-homogeneous magnetic fields. When the atoms
are placed in an in-homogeneous magnetic field produced by a pair of magnetic coils
in anti-Helmholtz configuration, the recorded SN spectrum looks asymmetric as shown

in Fig. 3.6 (a). The reason for this asymmetric nature of the SN signal is the magnetic
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field variations (both magnitude and orientation). In this case, the atoms within the
probe beam in a different position will precess about the local magnetic fields, which
vary both in magnitude and orientation over space and give rise to different contribu-
tions in the spectrum at different frequencies. The details of this configuration and
the detected SN signal from an ensemble of a cold Rb atomic cloud (T ~ 150uK) are

presented in chapter 8.
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Figure 3.6: (a) The intrinsic spin noise (SN) spectrum in the anti-Helmholtz config-
uration of the current carrying coils. The probe beam was sent through 8 mm away
from the centre of the two coils. The asymmetric nature of the SN spectrum signifies
the variations of the magnetic field orientation and strength along the probe beam,
and discussed in details in the text and in chapter 7. Total probe beam power = 500
uW, 6, = —6.6 GHz, cell temperature = 110°C, coil current = 2.9 A, and the data
acquisition time is about 1 minute. (b) The SN spectrum at null coil currents. The
cell was exposed to the earth magnetic field and the ambient magnetic field present in
the laboratory due to various magnetic material on the optical table. The measured
residual magnetic field near the focal point of probe beam is about 870 mG when the
magnetic coils are switched off.

SN spectrum in presence of stray magnetic fields. The SN spectrum in the
laboratory magnetic field around the atomic sample is presented in Fig. 3.6 (b). From
the value of the peak position of the signal, one can measure precisely the ambient
magnetic field (which includes the geomagnetic fields as well as other open sources in
the laboratory which produce magnetic fields) near the atomic sample which is around
870 mG. Note that, for this measurement, we have removed the mild-steel box from
the set-up. The red trace is the Lorentzian fit to the data.
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3.5.2 SN signal strength with temperature

The raw SN spectrum of 8"Rb atoms at different temperatures of the vapor cell is
presented in Fig. 3.7. During the experiments, we have kept all the other parameters
fixed and varied only the temperature of the cell to collect the SN signal with different

atom densities of Rb atoms.
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Figure 3.7: Raw spin noise (SN) spectrum of 8"Rb atoms at various temperature of
the vapor cell. The 8"Rb atom density inside the probe beam volume increases with
increasing the temperature of the cell. The strength as well as the FWHM of the
SN signal increases with increasing the atom density within the cell and discussed in
details Fig. 3.8 and in the text. Probe beam detuning 9, = —8 GHz, total probe beam
power = 600 uW, and B, = 6.6 G. The data acquisition time for individual spectrum
is about 45 sec.

In the room temperature, the 8"Rb atom appears as a solid phase. We have heated
the cell far above the melting point of the 8"Rb atoms (39.31°C [189]) into its vapor
phase to perform the experiment. The partial vapor pressure of the ¥’ Rb atoms in the

solid phase varies with temperature as [22, 190],

1961.258
logy P, = ~04.04826 — ———— — 0.037716877 + 42.57526 log;, T (3.5)

where P, is the partial pressure in Torr and T is the temperature in Kelvin. According
to the ideal gas equation (PV = nRT, where P is the partial pressure, V' is the volume
of the container, n is the total number of atoms, and R is the ideal gas constant), and
Eq. 3.5, the density of 8"Rb atoms inside the cell increases with temperature. The

strength of the SN signal is enhanced with temperature as shown in Fig. 3.7, since
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more number of atoms are participating in building up the signal.
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Figure 3.8: The integrated noise power (a) and the FWHM (b) of the intrinsic spin
noise (SN) spectrum for various atom density inside the cell. (a) The noise power
depends linearly with the atom density in the cell as expected from theory. (b) The
FWHM increases with atom density in a linear fashion signifies the reduction of the
coherence time (75) with increasing atom density. We have analyzed these observations
from the raw spectrum presented in Fig. 3.7.

Fig. 3.8 (a) shows the dependence of 3 for 8Rb atoms as a function of n. We
have calculated the atom density inside the cell using the ideal gas equation and the
temperature dependence of the vapor pressure equation shown in Eq. 3.5. The X
presented in Fig. 3.8 (a) at each atom density is averaged over three independent
measurements of the SN signal. We have observed linear dependence of 3 with atom
density (n) as predicted by the theory in Eq. 3.4. The black solid line is the linear fit
to those data points. Note that, we calculate the error in atom density using Eq. 3.5
by considering the temperature variations during the measurements.

Furthermore, we have investigated the Lorentzian FWHM of the SN power spectrum
as a function of n in Fig. 3.8 (b). We have observed the FWHM of the measured SN
signal increases with the temperature (or n) of the cell. This infers that the transverse
spin-coherence time (7%) is reduced with the atom density. As the temperature of the
cell increases, more and more atoms gather together and the (two-body) collision rates
enhance. Such collisions include hyperfine spin-exchange collision which is the most
dominating, the spin-destruction collision with similar or other atomic species present
in the system, and collision with the container wall. These all processes perturb the
free evolution of the spontaneous transverse magnetization and reduce the coherence

time. Apart from such collisions, the transit time of the moving atoms across the probe
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beam also reduces with temperature. This effect can also broaden the line-width of the

SN signal significantly.

3.5.3 SN signal strength with probe power

In this section, we demonstrate the integrated SN signal amplitude as a function of
total probe beam power (I,) with different value of detuning (J,) of the probe laser.
Here the total power of the probe beam signifies the addition of the power of the two
output laser beams (s— and p—polarized) from the polarimetric set-up. As we have
mentioned before the SNS can act as a relatively non-invasive detection technique if
the photon scattering rate by the atoms is negligibly small. Both the photon scattering
rate (oc I,/972) and the SN amplitude (o< I,/]6,|) depend on the intensity and detuning
of the probe beam. Therefore, the polarization fluctuation of a probe beam can reveal
the intrinsic spin noise of a sample at thermal equilibrium only for a large detuning

and a relatively low power of the probe beam.
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Figure 3.9: The integrated spin noise (SN) amplitude (a) and the FWHM (b) of the
spectrum with the total probe beam power. The data has taken with three different
detunings of the probe beam. The cell temperature (90°C) and B, = 4.6 G were kept
fixed during the measurements.

In order to explicitly measure the polarization fluctuation due to spin noise, the
photon scattering rate due to the probe laser has to be minimized. It is true that for
large detuning and low probe beam power the strength of the intrinsic SN signal is
small. On the other hand, the photon scattering rate also goes down with detuning
and intensity. Since the light scattering is proportional to the 1,/ 513 and SN amplitude
is proportional to I,,/|6,|, for large detuning ¢, of the probe beam, the light scattering
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falls rapidly, while keeping appreciable amount of detectable SN signal. Even in the
case of large detuning, we observed an appreciable increase of the SN signal width with
intensity of the probe beam. Therefore, to probe the SN signal intrinsically, probe beam
power needs to keep low. The “intrinsic” SN signal can be detected in a better way in
this near-nonperturbative regime of the probe beam parameters. Under this condition,
the strength of the intrinsic SN signal can be enhanced by increasing the atom density.
Therefore, experimentally, we need to play with the various parameters (such as probe
beam diameter and power, atom density, probe beam detuning, and length of the
sample) to find the “sweet-spot” parameter space that provides an appreciable amount
of spin noise, with negligible perturbation to the spin system due to the probe beam.

Fig. 3.9 (a) shows the dependence of /¥ as a function of the total probe beam
power at a cell temperature of 90°C. We have repeated the data for three different
detunings of the probe beam such as 6, = + 9 GHz (black circles), + 15.1 GHz (red
squares), and + 20.1 GHz (blue triangles). The solid lines are the linear fits to these
data points. According to the Eq. 3.4, we have verified the linear dependence of the
integrated SN amplitude with probe beam power.

The FWHM of the intrinsic SN power spectrum fitted with Lorentzian function as
a function of probe beam power is presented in Fig. 3.9 (b) for these three detunings.
Here the solid lines are the fits to the data points with a linear function. Apart from the
basic spectral broadening mechanisms of the SN signal discussed in the last section,
the spontaneous magnetization of the atomic system can also be perturbed by the
optical scattering of the probe beam and broadens the signal. Fig. 3.9 (b) shows that
for higher power and lower detuning of the probe beam, the atomic system is heavily
perturbed by the optical scattering which contributes significantly to broadening the
spectral width of the SN signal. However, for lower power and higher detuning of the
probe beam, the optical scattering by the atom reduces significantly and probe the
spontaneous evolution of macroscopic magnetization of the system nearly non-invasive

way.

3.5.4 SN signal strength with probe detuning

Next we have investigated the dependence of SN spectrum with probe beam detuning
of a wide range in both red and blue side from the resonance. Fig. 3.10 (a) shows the
dependence of V¥ in terms of 0, of two different probe beam power.

We have observed a dependence of |d,|~" in the measured v/ away from the reso-
nance line ' = 2 — F’ = 3 on Dy—line of ¥ Rb atom (|d,| > 10 GHz). This observation
verifies the relation shown in Eq. 3.4. However, the SN amplitude /3 is not symmetric
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Figure 3.10: The dependence of the integrated spin noise (SN) amplitude (a) and the
FWHM (b) of the intrinsic SN spectrum with the probe beam detuning (d,). For each
measurements, the cell temperature and B, were kept fixed. (b) The fast decoherence
rate near the vicinity of the atomic resonance line implies the effects of the optical
excitation on the T5.

in red and blue detune side near the resonance line. This happens due to the presence of
another hyperfine level (F' = 1) at 6.8 GHz away in the blue side from F' =2 — F' =3
line. Therefore, the strength of the measured v/ is higher on the blue side for a similar
0, in comparison to the red side, since the atoms in both F' =1 and F' = 2 levels are
contributed significantly in the blue detune side.

The FWHM of the SN spectrum is presented in Fig. 3.10 (b). Around the vicinity
of the resonance line, the Rb atoms are heavily perturbed by the optical scattering
and broaden the spectral line-shape of the intrinsic SN signal. However, away from
the resonance line, it has been observed that the width of the SN signal does not vary
significantly due to the negligible optical scattering by the probe beam.

Whereas the data presented in Fig. 3.9 (a) and Fig. 3.10 (a) establishes the de-
pendence of the measured integrated SN power (refer to Eq. 3.4) on the probe laser
parameters, the results presented in Fig. 3.9 (b) and Fig. 3.10 (b) experimentally ver-
ifies the operating range of these parameters which makes this detection technique
non-invasive in nature. We have seen from Eq. 3.4 that the ¥ depends inversely on
the probe laser cross-sectional area, A (the relative fluctuations of atom numbers (V)
in a paramagnetic system is oc vV/N/N = 1/v/N, which increases with decreasing A).
Therefore, in the experiment, the probe laser beam needs to be tightly focused inside
the vapor cell to collect the SN signal with good SNR. However, focusing a laser beam

tightly makes the intensity of the probe laser significantly huge within the Rayleigh
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range. Therefore, the optical scattering is also enhanced. The most realistic experimen-
tal set-up for the non-invasive SNS technique is to focus the probe laser beam lightly,
keep the detuning far away from the resonance line and perform the experiment with

lower power of the probe beam.

3.5.5 SN signal with probe beam polarization angle

We have investigated the intrinsic SN power spectrum with various polarization angle
of the incident linearly polarized probe beam. Any linearly polarized incident light
is a linear superposition of the left- and right-hand circularly polarized light. Since
the SNS technique relies on measuring the noise of the spin system, therefore the
measured signal is independent of the polarization angle of the probe beam. The SN
spectrum with various planes of polarization (@) is shown in Fig. 3.11. Here, the angle
0 signifies the angle between the plane of electric field oscillation of the probe beam
and the applied homogeneous magnetic field. The integrated noise and FWHM of the

individual SN signal shown in Fig. 3.11 are independent of 6, as expected.

In our SNS experiment, the measured instantaneous Faraday rotation is propor-
tional to the instantaneous x-projection of the total atomic spins inside the probe
beam. The linearly polarized probe beam that is propagating along the x-direction,
detects this spin orientation on its polarization plane. The spin orientation changes the
circular birefringence of the atomic system that can be detected using a linearly polar-
ized light with a polarization plane oriented at any angle on the y-z plane. Therefore,
the SN signal does not change with the polarization angle of the probe beam. Experi-
mentally, to detect the SN spectrum using a probe beam with an arbitrary polarization
angle (0), the plane of the polarimetric set-up needs to be rotated by exactly the same

amount.

3.5.6 SN signal in presence of a tilted magnetic field

So far we have demonstrated and characterized the intrinsic SN spectrum in the Voigt
geometry where the applied homogeneous magnetic field (along 2) is orthogonal to the
measurement axis (z). However, the characteristic feature of the SN spectrum gets
modified when the homogeneous magnetic field is applied at an angle with respect
to the measurement axis. The dynamics of the spontaneous magnetization of a spin

system about an external magnetic field and its relaxation time (75) can be written
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Figure 3.11: The spin noise (SN) spectrum with various combinations of the input
linear polarization state of the probe laser beam. Here 6 is the angle between the
electric field oscillation plane of the probe beam and the applied homogeneous magnetic
field. This observations shows that the SN signal strength does not depend on the
polarization angle of the linearly polarized probe beam.

according to the Bloch equation as,

dﬂﬁfﬂ = gM(t) x B — — (3.6)

where g is the electron g-factor of the spin system. Let’s now assume an isotropic
relaxation rate (1/7,) along all axis of the magnetization, and the homogeneous mag-
netic field is applied on the x — 2z plane at an angle #g with respect to the measurement
axis = (see Fig. 3.14 (b-inset)). Now the solution of Eq. 3.6 for an arbitrary magneti-
zation (M (t = 0) = M,oZ) of the spin system emerged at t = 0 along the measurement

axis have a precession term about the magnetic field and a decaying term which can
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be written as [3],

M, (t) = My ( cos? (0p) + sin” (0) cos? (m;t))e_t/“. (3.7)

The power spectrum for M, (t) can be obtained by doing Fourier transform of the

auto-correlation function of Eq. 3.7, and can be written as,

1/7s
v2+1/712

) 1/Ts
+ sin” (0p) AL 1/7_52>' (3.8)

P(v > 0) <Cos2 (0pB)

Eq. 3.8 shows that the SN power spectrum in a tilted magnetic field has two peaks at
zero and another at Larmor (vy) frequency. The strength of the SN signal appearing at
these frequencies depends on the angle #z. However, in thermodynamic equilibrium,
the total integrated noise of these two SN signals is always conserved. For the two
extreme combinations of the magnetic field orientation, i.e. for co-linear magnetic field
(0 = 0°) the SN signal appears at zero frequency and for the transverse magnetic field

(0 = 90°) the SN signal appears at Larmor frequency (vy).

SN spectrum in presence of both co-linear and orthogonal magnetic fields.
Let’s consider a situation where a homogeneous co-linear magnetic field (B,) and a
homogeneous orthogonal magnetic field (B,) is applied simultaneously on the atomic
spin system. In this scenario, the total magnetic field is B(= /B2 + B2), which makes
an angle along the r—axis as 0 = tan~!(B,/B,). According to the Eq. 3.8, two SN
signal will appear in the spectrum: one at zero frequency, and another at Larmor

frequency (v, = g|B]).

In the experiment, we have kept B, fixed and varied the magnitude of B,. We
have recorded the intrinsic SN spectrum for each value of B, and shown the signal at
Larmor frequency in Fig. 3.12 with the angle #5. As the magnitude of B, increases
(i.e. Op decreases), the total magnetic field B also increases which in turn increases the
vr. Therefore, for the higher value of the B, (i.e. lower value of the angle 05), the SN
peaks at vy, shift towards higher frequency as can be seen in Fig. 3.12. Moreover, the
angle 05 decreases with B,, which reduces the strength of the SN signal (o< sin® (63))

as B, increases to the higher values.
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Figure 3.12: The measured spin noise (SN) spectrum in presence of homogeneous
transverse and longitudinal magnetic fields. We kept the magnitude of the transverse
magnetic field fixed, and vary the strength of the longitudinal magnetic field. Therefore,
the total magnetic field, and its’ orientation with respect to the light propagation (6p)
changes for each measurements.

Figure 3.13: The development of precise atomic vector magnetometer. For details,
see the discussion in text.

This measurement can find applications in developing the vector magnetometer
using SNS technique. The results presented in Fig. 3.12 can precisely measure the
strength of the individual components (B, and B,) of the total magnetic field (B)

applied to the atomic system. Let’s consider that the strength and orientation of
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magnetic field By in a region is unknown, which has two components B, and B, as
shown in Fig. 3.13 (a). Now to measure the components of By, one can apply an
additional constant magnetic field (B, .) along the longitudinal direction and perform
the experiment as presented in Fig. 3.12. The recorded SN signal with various values
of B, . (both positive and negative direction) gives the measured magnetic field (B, )
which can be written as, Bry = \/Bg + (B, + By .)?. The measured Br s as a
function of B, . has a shape similar to the one shown in Fig. 3.13 (b). From this graph,

one can precisely measure the components of the unknown magnetic field, By. The
minimum value of this curve is a measure of B, and for which value this minimum
is achieved is a measure of B, with opposite sign. This technique can be applied to

measure the 3D orientation of an arbitrary magnetic field also.
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Figure 3.14: (a) The raw spin noise (SN) spectrum in presence of tilted homogeneous
magnetic field. Here 0p is the angle between the magnetic field direction and the probe
beam propagation direction. (b) Total integrated noise power as a function of the angle
0p discussed in Fig. 3.14. The measured data points (blue triangle) follow the sin?(6p)
behavior as discussed in [3].

SN spectrum in presence of constant tilted magnetic field. Furthermore, we

have applied a constant current through the Helmholtz coil to generate a constant
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uniform magnetic field and varied the orientation of the coil with respect to the mea-
surement axis to generate a constant tilted magnetic field. In this scenario, the SN
signal at v, appears at the same frequency for all 5. However, the strength of the
signal is modified according to Eq. 3.8. The raw SN spectrum is shown in Fig. 3.14 (a)
for various values of 05.

For the sake of completeness, we have plotted the integrated power contained in SN
signal () as a function of fp as shown in Fig. 3.14 (b), and fitted those data points
with sin® A to verify the Eq. 3.8.



Chapter 4

Applications of SNS with thermal

atoms

In this chapter, we present the applications of spin noise spectroscopy (SNS) technique
using thermal atomic vapors in equilibrium and optically driven out-of-equilibrium
steady-state conditions. This chapter is mostly based on the publications [5]. First,
the results of SNS using rubidium atoms in thermal equilibrium are presented. We have
demonstrated accurate measurements of several physical quantities such as transverse
spin-relaxation time (73), electron’s g—factor, nuclear g—factor, isotope abundance
ratios, and zero-field ground hyperfine splitting. We have also developed precision
magnetometry using the SNS technique. While few of the measurements have been
reported in [4, 85, 153| using SNS technique in thermal atoms and semiconductor sys-
tems, here we are able to refine some of these estimates especially for isotope abundance
ratios, nuclear g-factor, and magnetometry. We then apply an optical pumping beam
to control the relative spin population in the ground hyperfine levels of Rb atoms.
This is realized using an on-resonance pump beam nearly co-propagating with the far-
detuned probe beam. The optical pumping drives the system out of equilibrium. We
then show that SNS can be used to measure the spin imbalance in different ground
hyperfine levels without disturbing the non-equilibrium steady-state of the system. We
also show that the SN spectra from the optically pumped atoms have better resolution
than typical absorption spectra from the same system. Therefore, the SNS can be used
in resolving spectral lines of a non-equilibrium system in the presence of various spec-
tral broadening mechanisms. Next, we have presented the reduction in the width of
the SN spectrum (increase in the coherence times) when the atomic vapor is subjected

to the optical pumping beam with the correct frequency.

65
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4.1 Measurements and results in equilibrium

The spectrum shown in Fig. 3.5 is the intrinsic SN signal of Rb atomic vapor at thermal
equilibrium. In the subsequent sections, we will extract various physical, electronic,
nuclear, magnetic, and chemical properties of Rb atoms using the intrinsic SN spectrum

in a diverse range of the external magnetic field strength.

4.1.1 Measurement of effective transverse spin-relaxation rate
(1/13)

The measurements of the transverse spin-relaxation rate (1/7%) of an atomic vapor
are essential for many practical applications, especially in precision magnetometry
[35] and investigations in the search for the origin of spin fluctuations and diffusion
constant [191]. The FWHM of the intrinsic SN spectrum is a measure of the transverse
spin-relaxation rate as described in Eq. 3.2. However, the accurate measurement of
1/T, at a particular temperature is crucial in the thermal atomic vapor due to the
presence of various spectral broadening mechanisms. Therefore in the experiments,
we can measure the effective transverse spin-relaxation rate (1/7%) which includes all
the broadening. Apart from the spin-exchange and spin-destruction collisions between
similar and different atoms inside the cell, the most dominating factors for broadening
the SN spectrum are the (short) transit times of the atom through the probe laser
beam. There are several experimental studies with thermal atoms where researchers
tried to reduce the sources of these broadening and measure the value of 77 which can
be estimated as T,. However, depending on the experimental consideration and the
strength of the external magnetic field, the value of 1/T5 can vary from order of 1 s7*
to 108 s [4, 154, 188, 191-195].

In the measurements using the SNS technique, we have estimated the value of 1/T5
of Rb atoms kept in our un-coated cell at the temperature of 100°C is ~ 3x10° s~!. As
we have mentioned above, the transit times and the wall collisions mostly contributed
to the measurement of this parameter. We put high-density neon buffer gas inside our
vapor cell to increase the transit time of Rb atoms through the probe beam. Since the
diameter of the vapor cell is 20 mm, and the waist size of the probe beam inside the
vapor cell is ~ 50 pum, therefore the wall collision has a less contribution in broadening
the SN spectrum than the transit time. Our measurement of 77 is basically bound
to the diffusion of Rb atoms in the surroundings of neon gases. The magnetic field
in-homogeneity has very little contribution in the measurement of 1/7;. However,

the measurements for the contribution due to the spin-exchange and spin-destruction
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collision are buried under the transit time broadening.

The peak position of the SN spectrum is a measure of the strength of the external
magnetic field (v, o« B), and the width of the spectrum (for a particular SNR of the
signal) defines the uncertainty. Since we have various control to reduce the width of the
SN spectrum, the measurement of the magnetic field can be extremely precise using

this technique and are discussed later in this chapter.

4.1.2 Measurements of isotope abundance of Rb atoms in the

cell

The SNS were performed with an enriched 8" Rb vapor cell filled with 2!Ne buffer gas.
The presence of Ne buffer gas broadens the excited hyperfine energy levels (F’) of Rb
atoms due to electromagnetic interaction between F’ levels of Rb atoms and various
energy levels of Ne atoms [196-198|. In this interaction process, the ground hyperfine
levels (F') of Rb atoms are mostly unaffected. To detect the relative abundance of Rb
atoms in our SNS vapor cell, we have performed an absorption spectroscopy experiment
where a probe laser beam was passing through the cell with frequency scanned within
a wide range covering both hyperfine transition line of Rb isotopes (F' = 2 — F’ for
8Rb, and F = 3 — F’ for ®Rb). The transmission signal of the probe laser as a
function of frequency is shown with the black solid trace in Fig. 4.1. As a reference,
we sent another probe beam generated from the same ECDL through a normal Rb
vapor cell (un-coated and absence of any buffer or quenching gases) simultaneously,
and record the transmission signal as presented with blue trace in Fig. 4.1. For the
transmission signal in the normal vapor cell, we have identified the hyperfine transition

lines for both the isotopes of Rb atoms as indicated in the bottom with blue arrows.

The total integrated area under the individual transmission signal is proportional
to the atom density for the corresponding Rb isotopes inside the cell. On the other
hand, the spectroscopy signal captured in black trace is unresolved, and the estimation
of the isotope abundance of Rb atoms will be imprecise. However, the SN spectrum
shown in Fig. 3.5 clearly indicates the presence of both isotopes in the cell. In the spin-
based measurements, the total integrated noise of the power spectrum is a measure of
the atom density for both Rb isotopes according to Eq. 3.4. From the ratio of the
total integrated SN power (X)) of the two peaks, we estimate an abundance ratio of
8Rb : Rb = 11 : 1 from Fig. 3.5 at that temperature. This shows that SNS is a
sensitive technique for detecting the abundance of various isotopes of an atom with

high precision even when they are present in minute quantities.
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Figure 4.1: The measured probe transmission signal through enriched 3'Rb SNS
(black trace) and normal Rb (blue trace) vapor cell. The SNS vapor cell is heated to
T = 80°C to achieve enough vapor pressure for 8’Rb atoms to detect the transmission
signal whereas the normal vapor cell was kept at room temperature. The laser light was
scanning over a wide frequency range around the atomic transition lines of Rb atoms
and were split into two parts and sent through two different cells. The black (blue)
transmission signal is pressure (Doppler) broadened. The blue trace is shown here for
reference to verify that the presence of Rb atoms in the SNS cell is not detectable
using traditional absorption spectroscopy shown in the black trace.

4.1.3 Measurement of electronic g-factors of Rb atoms

Linear Zeeman regime. The detected SN spectrum for Rb atoms in presence of
a magnetic field in linear Zeeman regime (LZR) provides the Landé g—factors of
the ground hyperfine levels (gr). In the experiment, we have identified the range
of LZR where the energy difference between two consecutive Zeeman resonances is
much smaller than the detected SN signal width (such as energy difference between
(17) — (i) < 1/T5). Therefore, in the LZR, all the six (ten) Zeeman coherence peaks

appear at the Larmor frequency for 8Rb (¥Rb) atoms as is evident from Fig. 4.2.

Measurements of gr for Rb isotopes. Fig. 4.3(a) shows the SN spectra at three
representative values of magnetic fields (B, ) illustrating that the two noise peaks,
corresponding to 8"Rb and % Rb isotopes, shift in positions with B, . Fig. 4.3(b) gives

the variation in the position of these noise peaks in the frequency domain as a function
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Figure 4.2: The Zeeman energy states of 8’Rb atoms in the ground hyperfine levels
at arbitrary magnetic field.

of By. The bright (faint) trace corresponds to the spin noise peak positions of 8"Rb
(Rb) atoms. The linear dependence of the peak positions on B, indicates that the
atomic system is in the linear Zeeman regime. The slope (grup/h) of these lines give
a measure of the magnitude of g—factor |gp| for the ground state hyperfine levels.
The g—factors obtained from our measurements are |gr| = 0.500(£0.001) for ’Rb and
lgr| = 0.333(20.001) for 8Rb which are in excellent agreement with the theoretical
values [22].

The theoretical value of g—factors for ground hyperfine levels are the same in mag-
nitude, but opposite in sign for both the Rb isotopes. However, the SNS technique
detects only the spin fluctuations between the consecutive Zeeman states and does not
rely on their sense of rotation. Therefore, the measurements of the magnitude of gp is
a sufficient piece of information that provides the energy level splitting and their sense

of precession in the energy space in the LZR.

4.1.4 Precision magnetometry

The SN signal that appeared in the LZR is a precise measure of the external magnetic
field strength on the condition that the g— factors of the atomic sample are provided.
The gr of an atomic system can be measured with extremely high accuracy using the
SNS technique which in turn helps to measure the magnetic field with similar accuracy
using the same formula of v;. The accuracy in the magnetic field measurements can
be improved by performing repetitive measurements with a reasonable amount of data
acquisition time. However, when the strength of the external magnetic field is beyond
the LZR, the energy separation between two consecutive Zeeman states are not identical
to the other Zeeman states energy separation (i.e. (i) # (i) # (éi7)..., and so on

in Fig. 4.2). In this regime, the Zeeman energy state varies non-linearly with the
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Figure 4.3: (a) Spin noise (SN) spectra at various B, are presented. The linear shift
of the noise peaks with B, suggests a linear Zeeman effect of the ground state hyperfine
levels in that B, range. (b) A 2-D false color mapping shows the SN peak positions
for ®Rb and 8"Rb as a function of B, . The bright (faint) trace is for 8Rb (3*Rb) SN
signal. The noise signal strength of 8"Rb and *Rb for each spectrum is plotted after
normalizing the signal by the SN peak strength of 3Rb. The slopes of these traces
reveal |gr| of Rb isotopes.
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magnetic field according to the Breit-Rabi formula (refer to Eq. 3.3) and is called
as non-linear Zeeman regime (NZR). In NZR, the energy difference between any two
Zeeman separations (as an example, (i) — (i7)) is more or comparable to the 1/7%).
Therefore in this regime, the detected SN signal gets split into multiple peaks in the
spectrum and the notion of a single Larmor frequency is no longer valid.

In the experiments, while increasing the strength of the applied magnetic field
(B.), the spin noise spectra is observed (see Fig. 4.4(a)) to broaden (within a range of
B, ~ 20 — 40 G where (i) — (77) ~ 1/T5) and to split into well-resolved peaks at even
higher B, (> 60 G, where (i) — (i) > 1/T). In this relatively high magnetic fields,
the system is clearly in NZR (Eq. (3.3)) as discussed earlier. A false-color mapping of
the measured nonlinear Zeeman splitting of the ground hyperfine levels of ' Rb atoms

as a function of B is shown in Fig. 4.4(b).

Measurements of the magnetic field in NZR. In the NZR, the precise measure-
ment of magnetic fields using an individual SN peak is difficult unlike the case in the
LZR where the SN peak position is a true measure of the magnetic fields. However, in
NZR, all the individual SN peaks collaboratively measure the magnetic field precisely
and the method is described below.

The individual noise peaks in the SN spectrum for a higher B, (> 60 G) can be
identified as the transitions between different Zeeman states of the ground hyperfine
levels. These are shown in the inset of Fig. 4.5 where P1 denotes the magnetic resonance
frequency between (F =2, mp = 2) <> (F' =2,mp = 1) = (i) and P2 for the magnetic
resonance frequency between (F' = 2,;mp = 1) <> (F = 2,mp = 0) = (i1) and so
on (refer to Fig. 4.2). Fig. 4.4(b) shows the nonlinear dependence of each noise peak
position on B, in the NZR. However, the sum of all four noise peak frequencies for

F' = 2 hyperfine levels,
S:P1+P2+P3+P4:%B(3gf+gJ)Bl, (4.1)

depends linearly on B, . Using the values of P1, P2, P3, P4 determined from the mea-
sured SN spectrum one can estimate B, using Eq. (4.1), substituting the values of
s, by gr [199], gs [199], which are already known to high precision. Therefore the
sum of all four noise peak positions for Rb atoms (in general for all alkali atoms) in
a ground hyperfine level in NZR has similar straightforward dependence alike in the
case of LZR. As the observed SN peaks are extremely narrow (FWHM ~ 100 kHz)
and the peak positions can be determined with an accuracy of one part in 10°. We can

therefore measure an external magnetic field within that same order of relative error,
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Figure 4.4: Broadening and splitting of the spin noise (SN) spectrum with increasing
Bj. (a) SN spectra for 8Rb at By = 2.7 G, 31.27 G, 125 G. The origin of the frequency
in these spectra is shifted to the central Larmor frequency v, = grupgB, /h. The other
parameters are: probe power = 400uW, 6, = —10.6 GHz, cell temperature = 105°C.
(b) Visual realization of the nonlinear Zeeman effect of ground state hyperfine levels
with increasing B;. Each spectrum is normalized by the strongest peak in the SN
signal.
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of one part in 10°, for the range of B, where noise peaks are separable. Thus SNS

provides a simple means of precision magnetometry.
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Figure 4.5: Measurement of magnetic field B, and Ay using spin noise spectroscopy.
P1, P2, P3 and P4 indicate the position of spin noise peaks (corresponding to Zeeman
sub-levels of F' = 2) as can be seen from the raw data in the inset. The measured
frequency separation between different noise peaks are plotted against measured a.S
(refer to the text). The bold lines are obtained from the Breit-Rabi formula in Eq. (4.2)
with known parameters for error analysis in magnetic field measurements. The exper-
imental parameters are the same as in Fig. 4.4.

Now we rewrite Eq. (3.3) for 8"Rb as

hAyg hgr
— + asS)m
8 (QJ - 91) ( ) r

h
+ §\/ A2, 1 Ape(aS)mp + (aS)?, (4.2)

EF:Q,mF

where o = (g5 — g1)/(g9s + 3gr). In Fig. 4.5, we plot, as a function of a5, the noise
peak separations ((P4 — P1), (P4— P2) ... (P2— P1)) calculated from Eq. (4.2) using
known values of h, g7, g5, Ape. Superposed on the plot are the experimentally obtained
noise peak separations shown as solid symbols with 1o error bars. Then, we note down
the x-errors between the experimentally obtained peak separations and those from the
calculated curves. The root-mean-square value of the x-errors gives an estimate of the

error in measuring the external magnetic field. We find that the error is within 500 uG
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in our measurement range of B, between 60 G to 150 G. However, the upper bound of
the unknown B, can be anything since the noise peaks are already separated after 60
G of the magnetic field. Therefore any strength of the external magnetic field above 60
G can be measured with this accuracy using the SNS technique. The measurements of
the low magnetic field (below 20 G i.e. in the LZR) can also have similar accuracy as
presented in the precision measurements of gr. However, within the range of 20 — 60
G magnetic field, where the SN peak gets broadened but not split into multiple peaks
introduces errors in precise measurements of the magnetic field. In this range, both
LZR and NZR are not easily applicable. However, bringing down the value of SN
signal width (~ kHz) using hydrocarbon chain coated cells can help to split the SN
signal in this regime and use the NZR formula to precisely measure the magnetic field.
This accuracy surpasses the standard Hall probe-based magnetometers by nearly two
orders of magnitude. Moreover, this high precision measurement of the magnetic field
is an in-situ detection, without requiring the physical placement of a separate probe.
A few recent studies [85, 200| are performed to indicate the potentialities of SNS to
measure magnetic fields (both external and effective — “internal” ones). In the present
work, we have provided a precise estimate for the accuracy of the measured magnetic
field using the SNS technique. Further, the precision magnetometry using the SNS
in atomic vapors is expected to work for a large temperature window including room
temperature in contrast to the similar magnetometers with cooled semiconductors used
in the previous studies [85, 200].

Note that, the measurement of magnetic fields using SN signal is absolute and does
not require any calibration which is absolutely necessary for the Hall probe or other

semiconductor device based magnetometers.

4.1.5 Measurement of zero-field hyperfine separation

In Fig. 4.5, we have also fitted the experimentally obtained values of (P4 — P1), (P4 —
P2) ... (P2— P1) using Eq. (4.2) keeping Ay as a free parameter. From these fittings,
we extract the value of the zero-field hyperfine constant for ¥ Rb as Ay ~ 6805.5(£7.2)
MHz with an error below 0.5% [201].

4.1.6 Measurement of nuclear g-factor

In the presence of B, the energy separations between similar magnetic (Zeeman)
transitions from different hyperfine ground levels (F,mg) such as, (2,1) <> (2,0) and
(1,1) <> (1,0) or (2,0) <> (2,—1) and (1,0) <> (1,—1) in Fig. 4.2, are determined

by the second term in Eq. (3.3) arising out of the nuclear spin. However, since the
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value of nuclear g-factor (g;) is small, the contribution of this term is negligible for
low magnetic fields. Therefore, the SN peaks from (2,1) <> (2,0) and (1,1) <> (1,0)
are almost unresolved for B, < 150 G in our case. At high magnetic fields (> 150
G), we can resolve the SN peaks from all available Zeeman transitions when their
separations are more than the width of the individual peaks. Six distinct SN peaks
from the allowed AF = 0, Amy = %1 transitions of 8’Rb are observed in Fig. 4.6 at
B, = 160 G. The value of g; can be precisely obtained by measuring the separation
between (2,1) <» (2,0) and (1,1) <> (1,0) (also (2,0) <> (2,—1) and (1,0) <> (1,—1)).
From a series of such measurements, the experimentally estimated g; for ¥Rb in our
experiment is —0.00100627(£0.00002558), where the quantity in the bracket refers to

the 1o error.
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Figure 4.6: Spin noise spectrum with resolved all-allowed Zeeman transitions (AF =
0, Amp = £1) of ground state hyperfine levels in ’Rb. The parameters are B, = 160
G, probe power = 750 uW, 6, = —10.6 GHz, cell temperature — 105°C. The value
of nuclear g-factor (gy) is precisely obtained and reported in the text by measuring
the separation between (2,1) <> (2,0) and (1,1) < (1,0) (also (2,0) <> (2,—1) and
(1,0) <> (1,—1)) in a series of measurements.

Note that the middle two peaks are stronger in strength than the outer peaks for
F = 2 level SN signal. This can be explained as the intermediate Zeeman states
mp = —1,0,1 are each connected to consecutive two mp states (upper and lower),

whereas, the outer mp = —2,2 states are only connected to one mp state only (see
Fig. 4.2).
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4.2 Measurements and results in optically pumped

atomic system

Thus far, we have explored the characterizations and applications of the SNS tech-
nique in an equilibrium thermal vapor. In conformity with the FDT, at thermal equi-
librium, the SNS technique detects the two-point temporal correlations of magnetiza-
tion ((M,(t)M,(0))) which provides a linear response characteristic of the spin sys-
tem. However, the measurements of a similar spin-spin correlator in a non-equilibrium
steady-state system give the additional non-equilibrium contributions in the linear re-
sponse function which is beyond the topic of FDT and provides useful information
about the non-linear characteristic of the system. In the following, we report the mea-
surements of SN signal in an out-of-equilibrium steady-state atomic system where we
use an additional optical field to manipulate spin populations in different ground hyper-
fine levels. In this non-equilibrium system, even if the externally applied perturbation
is relatively weak — the detected spin noise signal provides useful additional informa-
tion which can not be obtained in the equilibrium SN measurements. The higher-order
spin-spin correlators and the cross-correlators between the atomic spin states are the
fundamental studies in the out-of-equilibrium steady-state system that provides various
properties of the system which is not accessible in the linear response measurements
and using FDT.

Recently, theoretical investigations have been studied in the semiconductor system
where a weak applied electric field can shift the spin noise peak of the conduction
electron [94]. The shift in the SN peak is proportional to the spin-orbit coupling
strength for the electron moving along the electric field direction. This study can not
be performed within the equilibrium SNS technique. In another study where the SNS
was employed to detect the couplings and correlations between different spin coherences
in a non-equilibrium atomic vapor [162|. In the experiment in [162], the Zeeman states
of the ground hyperfine levels of #'K are driven by a weak radio-frequency magnetic
field which brings the vapor out-of-equilibrium.

In contrast, we have applied an optical pumping (control) beam that connects the
ground and excited hyperfine levels to drive as well as incoherently control the spin
populations in the ground hyperfine levels. The pump beam is linearly polarized and
almost co-propagating (within 5°) with the probe beam. The pump beam after the
vapor is blocked with a beam blocker in order to avoid its falling on the photo-detector.
The pump beam is derived from an independent tunable external cavity diode laser.
The Rb atoms in the vapor cell are optically pumped to the desired ground hyperfine
levels by tuning the frequency v, and the intensity I. of the pump laser. We have
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performed the SN measurements from such an optically pumped atomic system with
the far-detuned linearly polarized probe laser beam after reaching the steady-state of
the system. Substantial modifications of the SN signals are observed depending upon

the relative ground hyperfine level populations of the ’Rb atoms.

Optical pumping. Whereas the random spin-exchange collisions depolarise the atomic
spin polarization at thermal equilibrium, the optical pumping (OP) [34, 202-206]
method orients them in a preferred direction by transferring the angular momentum
of light to the atomic spin states. OP is a well-established and efficient technique for
initializing and maintaining the atomic spin polarization in a specific quantum state.
In general, the atomic spins are oriented along the direction of the light propagation
due to the selection rules of the light-matter (dipole) interactions. In this method,
a particular atomic ground level is polarized by repeated cycles of light absorption
in ground levels and spontaneous emission from excited levels. In an ideal case, the
absorption of the pump photon stops when the atomic population is transferred to
a specific ground state, known as a ‘dark state’. For the optical pumping for the
light with electric field vector, E(t) = Eye'bre=wrt) ¢ the dipole transitions depend
on optical detuning (wy — wp, where wy is the atomic transition frequency), the pres-
ence of an external magnetic and/or electric fields, and the polarization é of the light.
For the circular polarization of the electric field éL = %, the atomic spins orient
along the propagation direction + 2 via the polarization selective allowed transitions
mr = mg £ 1. For F' < F’, the polarized state is mp = £F is dark. On the other
hand, for linear polarized light é = ¢ or Z the spin alignment happens along & x é with
zero net orientation for the transition /' — F’ = F — 1. In this case both the Zeeman
states mp = ' and mp = —F are dark.

Since OP method initializes the atomic spins in a desired atomic state, it has
many practical applications using thermal atom in precision metrology [35, 207-211],
quantum memory and information processing [212-216], noble gas hyper-polarization
via spin-exchange collisions [33, 217, 218], and searches for new physics beyond standard
model [149, 219-221]. However, in our work [5] we have demonstrated a controlled
optical pumping of 8'Rb atoms between the ground hyperfine levels and detected the
instantaneous spin population using SNS technique. In our experiments, we have
addressed the atomic transitions F© — F’ > F by the linearly polarized pump laser
beam propagating along the r—axis. Note that for simplicity we ignore the small angle
made by the pump laser beam with respect to the z—axis (see Fig. 4.7(a)). Therefore
at a steady state, the atomic spins orient along the r—axis with equally distributed

amongst the possible Zeeman states, and no dark state has been formed. However,
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Figure 4.7: Schematic of the experimental arrangement (a) and frequency (v.) of
the pump beam (b) used for optically pumped spin noise (SN) experiments of thermal
8TRb atoms.

depending on the pump laser frequency connected to a particular atomic transition,
the atoms accommodate in either in F' = 1 or in F' = 2 hyperfine levels as shown in
Fig. 4.7(b).

4.2.1 Detection of spin imbalance

Here, we implement the non-invasive SNS technique to probe the instantaneous spin
population, i.e. the spin imbalance between the ground hyperfine levels in an optically
driven steady-state 8"Rb atomic system without applying further perturbation [28]. In
particular, the SNS technique discussed in this chapter detects the spin imbalance of
the system in its steady-state for a particular intensity of the optical pumping beam.
The optical pumping timescale to attain the steady-state is much shorter than the
measurement duration.

In the absence of the pump beam, six spin coherences at reasonably higher magnetic
fields are seen in the SN spectrum in Fig. 4.8(b) as is expected from an ensemble of
atoms with the population in both the ground hyperfine levels (F' = 1,2). The probe
beam and other experimental parameters are the same as in Fig. 4.6. On setting the
frequency v, of the pump beam on resonance to the FF = 1 — F’ = 2 transition of

8"Rb, a fraction of atoms is pumped out of the ground F = 1 level depending on the
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intensity /. of the pump beam. This is evident in Fig. 4.8(a) where only four SN peaks
related to F' = 2, Ampr = +1 are observed at the highest I.. We have kept the pump
beam on during the measurements. On the other hand, when the atoms are pumped
out of the ground F' = 2 level using a pump beam resonant with the F' =2 — F/ =2
transition, the SN spectrum reduces to two peaks related to F' = 1, Amp = £1 spin
coherences. This is shown in Fig. 4.8(c) for different pump beam intensities. The
false-color graph shown in Fig. 4.9 represents a more qualitative picture of the optical
pumping schemes of 8"Rb atoms (see the caption of the figure for description). The
probe beam is around -10 GHz detuned from the F' = 2 — F’ = 3line, and -16.8 GHz
detuned from F' = 1 — F’ = 2line. We calculate the optical pumping rate by the
probe beam is around 0.8 % for F' = 2, and 0.3 % for F = 1 atoms in comparison to
the on-resonance pumping beam. Therefore, in our study, we ignore the contribution

of the optical pumping by the probe beam.

We have extracted the degree of spin polarization in different ground hyperfine
levels as a function of pump beam intensity from a series of measurements similar to
the ones presented in Fig. 4.8. The measured hyperfine spin polarization of F' = 1 level
(np=1/(np=1+nr—s)) with pump beam (on resonance with /' = 2 — F’ = 2 transition)
intensity is presented in Fig. 4.10 (a). We fit the individual noise power spectrum
using a Lorentzian function and take the ratio of the integrated intra-hyperfine spin
noise power corresponding to F' = 1 hyperfine level to the total SN power. Since,
our probe beam detuning ¢, = —10.6 GHz, the probe beam detuning with respect to
F =1 — F' = 2 transition is —17.4 GHz. We had incorporated this factor while
extracting the population ratio from the SN spectra. We observe a monotonic increase
in the degree of polarization with increase in the pumping beam intensity saturating
towards a complete polarization for very high pump beam intensity. A similar trend is
observed for the pumping into F' = 2 ground state hyperfine level.

We have also presented in Fig. 4.10 (b) the measured width of the intra-hyperfine
(F = 1) spin noise spectrum as a function of the pump beam intensity. We observe from
our measurements a monotonic increase of the noise signal width (or the spin relaxation
rate) with optical pumping beam intensity. In the context of spin fluctuations of non-
equilibrium electrons and excitons in semiconductors [134], spin pumping can suppress
spin fluctuations. However, in our measurements, the presence of a strong pump beam
in the dilute atomic vapor can lead to (a) non-equilibrated electron’s spins and (b)
off-resonant pumping, leading to the reduction of spin lifetime, which manifests as an
increase of the width of the SN spectrum.

These experiments indeed clearly show that the spin populations in different ground

hyperfine levels subjected to optical pumping beam in the steady-state condition is
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Figure 4.8: Spin noise (SN) spectra in and out of equilibrium 8"Rb atoms. (a) SN
spectra with a pump beam on resonant to F' = 1 — F’ = 2 optical transition for various
pump beam intensities I.. (b) SN spectrum in thermal equilibrium (without optical
pump beam). (c) SN spectra with a pump beam on resonant to F' = 2 — F' = 2
optical transition for different pump beam intensities I.. For all panels, B, = 160
G, 0, = —10.6 GHz and cell temperature — 105°C. Note that, the parameter I. is
calculated using the CO-DATA [22] value of 8"Rb excited hyperfine level line-widths
without considering the neon buffer gas inside the cell.

reflected in the SN spectra. Such relatively non-invasive detection of spin states in
a non-equilibrium atomic system may find applications in atom interferometry [222],

atomic clocks [223| and gravimetry [224].

4.2.2 Resolving spectral lines

The enriched 8"Rb vapor cell used in our experiments contained a buffer gas (neon)

with a partial pressure of 200 millibars, and thus the conventional absorption spectra
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Figure 4.9: The false color map depicts the spin noise (SN) spectrum in presence of
the optical pumping beam. The raw spectrum (orange color) represents the intrinsic
SN signal where all six Zeeman coherence peaks are visible. The upper half corresponds
to the driven SN spectrum with atoms optically pumped to F' = 2 hyperfine level. The
lower half represents the same for atoms optically pumped to F' = 1 hyperfine level.

that we measure suffers broadening mainly due to homogeneous pressure broadening
[196-198] and modestly due to inhomogeneous Doppler broadening. The transmission
of the probe laser through the atomic vapor at 90°C is studied in the absence and
presence of an optical pump beam as shown in Figs. 4.11(a) and 4.11(c). The detuning
d, of the probe beam was varied over a wide range (—10 GHz to 12 GHz) which covers
both the ' = 2 — F’ and F' = 1 — F” transition lines of 8’Rb atoms. In the absence of
a pump beam in Fig. 4.11(a), the probe transmission as a function of ¢, shows a single
dip situated in-between those transition lines. In this experiment, we first allow the
probe laser beam to pass through the cell and then let it fall on a power meter sensor.
The measurement time for each detuning is of 5 seconds. The integrated SN power
Y from the Rb vapor also shows a single dip in Fig. 4.11(b) in the absence of optical
pumping. Thus, both the absorption spectroscopy and SNS fail to detect F' =2 — F’
and F' = 1 — F” transition lines separately. Nevertheless, the dip in ¥ (in Fig. 4.11(b))
seems to indicate a red-detuned F' = 2 — F” transition as expected in the presence

of neon buffer gas [198]. Therefore, the intrinsic spin noise measurements in buffer

120
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Figure 4.10: Plot of relative population in F' = 1 hyperfine level (a) and width of the
spin noise (SN) spectrum due to intra-hyperfine spin fluctuations in F' = 1 hyperfine
level (b) as a function of optical pumping beam intensity. Both the relative population
and the width are extracted from a set of SN spectra recorded in presence of optical
pumping beam, a few representative ones are presented in Fig. 4.8 (c).

gas filled neutral atoms can establish the fact that the buffer gas broadens the excited
hyperfine level line-width as well as shifts the resonance line towards the red detuned
side.

The comparison of the transmission and SN spectra has been recently reported for
the Cs vapors in thermal equilibrium [170]. Here, the SNS revealed spin correlations
present in the mostly Doppler broadened atomic ensemble. On the other hand, we
investigate mostly pressure broadened atomic vapors. Our transmission spectra in
Fig. 4.11(a), reveals a pressure broadened FWHM of ~ (27x) 5 GHz, in contrast
to a Doppler broadened FWHM of ~ (27x) 0.7 GHz from a buffer gas free vapor
cell. Therefore, we also expect that our optically driven atomic system is mostly
homogeneously broadened. A priori, it is not obvious that the SNS will be able to
In the

following, we present our measurements to show that such additional information can

resolve the different ground hyperfine levels of an optically driven system.

be obtained from an optically pumped system.

In the case of an optically pumped atomic ensemble, the probe transmission (Fig. 4.11(c))

can detect the above two optical transitions independently. In Fig. 4.11(d), we show
the integrated SN power ¥ with the probe detuning 9, when the atoms are optically
pumped to either F' =2 or F' =1 level by a pump intensity /. > 50/,,;. We observe a
dip in each integrated SN power near (~ 1 GHz red shifted) F =2 — F'or F =1 — F’

transition lines. Therefore, the SNS can also be used to resolve the spectral lines in
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Figure 4.11: Comparison between absorption spectroscopy and spin noise spec-
troscopy in resolving spectral lines in a buffer gas filled Rb vapor cell in the absence
[(a) and (b)] and presence [(c¢) and (d)] of optical pumping. [(a) and (c)|]: Probe trans-
mission vs. probe beam detuning, J, defined in Fig. 3.3. [(b) and (d)|: Integrated spin
noise (SN) power ¥ from ¥’Rb atoms vs. §,. Red triangles (blue squares) depict probe
transmission and integrated SN power ¥ from optically pumped F' = 2 (F' = 1) atoms.
The lines joining the data points are a guide to the eye. For all panels, B, = 7.12 G
and cell temperature = 90°C.

a driven atomic system [187]. Moreover, SNS has a better resolution (around three
times in Fig. 4.11(d) than Fig. 4.11(c)) over the absorption spectroscopy [187|. This
last finding could have potential application in driven systems with narrower separa-
tion between relevant transitions where the SNS would be more useful to probe such

transitions separately.

We can also detect these transitions by tuning the frequency v, of the pump beam
instead of the probe beam. Here we keep the probe detuning 9, fixed at —10 GHz
from F' = 2 — F’ transition (and around —16.8 GHz detuned from F' = 1 — F’
transition). Therefore, most of the contribution in the SN signal comes from the F' = 2
level. We tune the frequency v, of the pump beam from —10 GHz to 10 GHz around
F =2 — F’ = 3 transition. We plot the integrated SN power ¥ as a function of
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Figure 4.12: Resolving spectral lines of ¥’Rb atoms in the presence of neon buffer gas
by tuning the pump beam frequency v,.. Here, the probe beam detuning d, = —10 GHz
and the pump beam intensity I, ~ 50/s,;. The black dotted horizontal line represents
the integrated spin noise power y without optical pumping. The line joining the data
points are a guide to the eye.

the pump beam detuning in Fig. 4.12, and observe a clear dip near F = 2 — F’
transition and a prominent peak near F' = 1 — F’ transition. Therefore, unlike
conventional spectroscopy, in the case of SNS, we have the freedom to scan the pump
beam for detecting the spectral lines instead of applying the pump beam at a particular
known frequency as in Figs. 4.11(c) and 4.11(d). This, we believe, will be of particular
advantage, when we wish to probe local environment-induced energy level shifts, or
in resolving ground energy levels in complex molecular and condensed matter systems

where one has incomplete knowledge of energy levels.

4.2.3 Reduction in width of optically pumped SN spectrum

So far we have discussed the basic features and applications of optically pumped SN
spectrum by analyzing the integrated noise () measurements. However, the measure-
ment of FWHM of the SN spectrum in presence of a pump beam conveys useful infor-
mation about the characteristic relaxation rates of spin coherence in a non-equilibrium
system. In this section, we present the modifications in FWHM of the 8’Rb SN signal

with various pump beam power. The FWHM of the intrinsic SN spectrum shown in
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Fig. 4.13 (first data point) is 222(+4) kHz (shaded horizontal region). The measure-
ment is performed at cell temperature of 100°C and B, ~ 7.5 G. We kept the probe
beam detuning J, = — 10 GHz to detect the spin noise signal from F' = 2 hyperfine
manifolds. Note that in this experiment, the strength of the magnetic field is kept in

the linear Zeeman regime and a single SN peak is observed in the spectrum.
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Figure 4.13: Variations of the FWHM of spin noise (SN) spectrum of ’Rb atoms
with control beam power. Control beam is kept on resonance to F' = 1 — F/ = 2
transition of 8Rb. The probe beam can detect only the SN signal from F' = 2 Zeeman
level manifolds (6, = —10 GHz). The vertical shaded region shows the reduction in
FWHM of the SN spectrum with control beam power. Right side of the shaded region,
the FWHM increases with control beam power indicating the off-resonant coupling of
the F' = 2 atoms by the control beam. The horizontal shaded regions indicates the
intrinsic width of the SN spectrum with error (1o) for five measurements

In this optical pumping scheme, we have systematically transferred the atomic
population from F = 1 hyperfine level into F' = 2 level by fixing the pump beam
frequency on F' = 1 — F’ = 2 transition line. Thereafter we have detected the SN
signal with various pump beam power and measured the FWHM of each of those
spectrum. The dependence of measured FWHM with pump beam power is shown
in Fig. 4.13. The error bars represent the 1o uncertainty of the measured width for
independent measurements taken completely randomly. In Fig. 4.13, we have observed
a consistent reduction in FWHM (vertical shaded region) of the recorded SN signal

at reasonably low power of the pump beam. This reduction is maximum (~ 15% in
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comparison to the FWHM of the intrinsic SN signal) at the saturation intensity of the
pump beam. The reduction in FWHM of SN signal infers the longer spin coherence
time of the optically pumped atoms in F' = 2 hyperfine level. However, for higher pump
beam power the FWHM is observed to be increased. According to the observations,
we have divided the pump beam power into two regions namely: (a) Inter-hyperfine
spin-exchange free region (the vertical shaded line) where the width has been reduced

and (b) the off-resonant coupling region where the width is increased.

We have mentioned earlier that the ground hyperfine levels of 8"Rb atom possess
same but opposite Landé g—factors (gr—o = 1/2, and gp—; = —1/2). This distinction
in g—factors reduces the spin-coherence time after making a spin-exchange collision
between two atoms in different hyperfine levels when v, > 1/7T5. In our experiments,
the Larmor precession rate is much faster than the spin-coherence rate, i.e. v, > 1/T5.
Therefore, the spin-exchange collisions have a significant contribution in broadening the
SN spectrum. However, such spin-exchange collisions can be reduced by transferring
the atoms to a specific hyperfine level utilizing the optical pumping technique and
synchronously precesses about the magnetic field for a longer time. This effect is
shown in the shaded vertical column in Fig. 4.13 which can be recognized as region (a)
of the pump beam. Nevertheless, the other spectral broadening sources such as spin-
destruction collisions, wall collisions, transit times, and magnetic field in-homogeneity
are unaffected by the optical pumping and contributed accordingly. Therefore at the
saturation intensity of the pump beam, a maximum of 15% reduction in width has been
observed in our experiments which is the sole contribution due to the spin-exchange

collision.

In region (b), the width of the SN spectrum has been observed to be increased
with pump beam intensity. Although in this region the entire population has been
transferred to the F' = 2 level, however, the presence of the strong pump beam during
the experiment can optically excite these atoms via an off-resonant scattering process.
Since we have observed a pressure broadened absorption line-width of the rubidium
atoms in our cell is in a similar order of the ground hyperfine separation, the strong
pump beam which is + 6.8 GHz away from F' =2 — F"’ line can significantly perturb
the atomic spin precession. Such an optical scattering process on the optically pumped
atoms is enhanced with the pump beam power. This process enhances the SN signal
width with the pump beam power in the region (b). In conclusion, in region (a) the
off-resonant scattering is insignificant on spin-coherence dynamics of optically pumped
atoms, and the absence of spin-exchange collision makes the spin coherence time longer.
Conversely, in region (b), the spin coherence time is reduced due to strong perturbation

by the pump beam.
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Figure 4.14: The reduction in FWHM of the spin noise (SN) spectrum from optically
pumped atoms in F' = 2 (a) and F = 1 (b) level. The red circular (blue triangular)
data points are taken with probe beam close to F' =2 (F = 1) level. The reduction in
FWHM of the SN spectrum have been observed for the atoms in optically pumped to
F = 2 level, and probe beam close to F' =2 (§, = — 9.5 GHz). The width reduction
is not observed from atoms in optically pumped to F' = 1 level.

In another experiment, we have transferred the atoms into F' = 1 hyperfine level
and studied the FWHM as a function of pump beam power. However, in this case,
we have not observed any detectable reduction in the width as shown in Fig. 4.14 (b).
Here, the blue triangles (red circles) are the data that corresponds to the probe beam
detuning kept on the blue (red) side with respect to the F' = 1 — F” transition line
(0, is the detuning as we defined earlier with respect to F' = 2 — F’ = 3). Note
that the red (blue) detuned probe beam detects the SN signal from F' = 2 (F = 1)
level. Since at thermodynamic equilibrium, the average population in F' = 2 level is
5/3 (i.e. 1.67) times higher than F' = 1 level, therefore more pump beam power is
required to transfer the atoms from ' = 2 to F' =1 level. In this case, before entering
into the spin-exchange regime, the perturbation due to pump beam prevents increasing
spin-coherence time as shown in Fig. 4.14 (b). In Fig. 4.14 (a), we have presented the
similar study for optically pumped atoms in F' = 2 level with probe beam kept on red

and blue detuned side.

4.2.4 Optically pumped SN with different temperature

We have also investigated the optically pumped SN spectrum at various temperatures

of the vapor cell. In this experiment, we detect the SN signal from spin imbalanced
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F = 2 hyperfine level of " Rb atomic system at each pump beam power by keeping
0, = —9.5 GHz. The FWHM, signal strength and integrated spin noise for T = 80, 100
and 120°C are shown in Fig. 4.15.
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Figure 4.15: The FWHM, height and total integrated noise of the spin noise (SN)
spectrum from the optically pumped atoms in ' = 2 level at various temperature as a
function of the pump beam power. The probe beam detuning was kept at 6, = — 9.5

GHz.

Temperature controls the atom density inside the cell which manifests characteristic
differences of these observations. These can be observed in the measured FWHM with
pump beam power at these temperatures in the first column of Fig. 4.15 (a, d, g).
We have observed a consistent trend of reduction in width for low pump beam power
of all these temperatures. This part is explained in detail in the previous Sec. 4.2.3.
However, the atom density is very less for 80°C, resulting in a dominating off-resonant
coupling to the pumped atoms even at low pump beam power. The signal strength as
a function of probe beam power is also investigated at these temperatures and shown
in Fig. 4.15 (b, e, h), respectively. When the atoms are optically pumped to F' = 2
level, the SN signal strength is expected to be higher with pump beam power due to

10
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the accumulation of more number of atoms in this level. We have observed a similar
trend as shown in Fig. 4.15 (b, e, h). After a certain value of the pump beam power,
the height of the SN signal is observed to be reduced. This is due to the fact that our
measurements are now entering into the off-resonant coupling domain. In this regime,
due to the increase of the signal width (as evident in the first column of this Fig. 4.15
(a, d, g)), the SN signal smeared out — resulting in the reduction of height. Next, we
study the integrated noise as a function of pump beam power at these temperatures.
In a triangular approximation of the SN signal (recall the Lorentzian lineshape of the
signal), the integrated noise is proportional to the multiplication of the first and second
column for the relevant temperatures. Such integrated SN as a function of the pump
power is shown in Fig. 4.15 (c, f, i) and is observed to increase with higher pump power
for all these temperatures. This is quite intuitive to understand this observation by
considering the fact that the optical pump beam accumulates more atoms in F' = 2
level, and thereby increases the noise. We present these graphs to summarize the
detailed picture of the dynamical SN signal parameters as a function of pump beam

power at various temperatures.
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Chapter 5

SINS with coherent optical driving in

thermal atoms

This chapter is mostly based on the publication [17]. In the previous chapter, we have
demonstrated the SNS technique in a non-equilibrium rubidium atomic system. Such
a non-equilibrium system is achieved by optical pumping using a resonant and linearly
polarized light. In this process of optical pumping, a population imbalance is created
between the ground hyperfine levels. However, the populations are distributed equally
in all possible Zeeman states within the resultant hyperfine level for a linearly polar-
ized optical pumping beam. Therefore, the OP schemes do not induce any additional
coherence between the atoms apart from manipulating them between ground hyper-
fine levels in a controlled manner. Nevertheless, the optical pumping is an incoherent
process to randomly put the atoms in the accessible Zeeman states within the resul-
tant ground hyperfine levels. The modifications in the SN spectrum and their FWHM
in comparison to the intrinsic signal as described in chapter 4 reflect the population
imbalance and its effect on the spin coherence rate, respectively. The enhancement of
the SN signal strength of an optically pumped spin system can reach up to two times
if the appropriate spin state is probed. Such a small enhancement in the strength of
the SN signal is not enough to extract the information about the spin dynamics of a
system where the intrinsic spin fluctuation is expected to be a few orders of magnitude
less than the thermal atoms.

After the first detection of spin noise from thermal sodium atoms in 1981 [48],
the fast Fourier transform (FFT) based spectrum analysis has improved tremendously
to perform the experiment and extract the signal with good SNR in other spin sys-
tems such as conduction electrons, semiconductor quantum dots, and quantum wells,
chemical compounds to name a few. The non-invasive detection of spontaneous spin

fluctuations in cold (in the temperature range of pK) and ultra-cold (in the tempera-
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ture range of nK) atomic ensembles are going to be useful to study various dynamical
properties of the cold atoms. In order to detect the intrinsic spin fluctuations in a cloud
of cold atoms, the signal strength improvement via improved electronics is required.
In this chapter, we focus on the signal strength improvement via coherent optical drive
which enables us to detect the intrinsic spin coherence from cold atoms, for the first

time, using the existing electronics.

We coherently drive the atoms distributed in different Zeeman states within a
ground hyperfine level using a pair of phase-coherent laser beams. The presence of
this additional phase-coherent (we will call them Raman beams) laser beams drasti-
cally modifies the dynamics of the atomic spin system which in turn reflects in the spin
noise signal. We have solved the master equations of the density matrix elements of
the system using optical Bloch equations (OBEs) to investigate the modifications in
the Raman driven signal. Experimentally we have demonstrated an enhancement of
a million times of the Raman driven signal in comparison to the intrinsic spin noise
signal with thermal atoms. Such a huge enhancement in the signal allows one to detect
spin fluctuations in cold atoms and quantum gases. Note that, the probe beam and
detection set-ups are kept the same while comparing the intrinsic and driven signal.
We have investigated the driven signal in thermal atoms with various Raman beams
parameters that will be discussed in detail in this chapter. The main goal in this work
is to extract the information about the intrinsic spin coherence rate of the system by

investigating the Raman driven signal using our developed theory.

When a lambda (A) type three-level system interacts with a pair of coherent laser
fields, an existence of interference between different dipole transition pathways are
proposed in [225]. They have observed a substantial modifications in the systems’ sus-
ceptibility at the vicinity around the atomic (dipole) resonance frequency by analyzing
the atom-light system based on density matrix treatment. The non-zero off-diagonal
elements of the density matrix represent the existence of these various interference
pathways. When the two near-resonant coupling laser fields are weak and similar in
strength and other internal and external degrees of freedom of light and atoms are ap-
propriate, a dark state is formed between the ground states. The atoms are observed
to get trapped into the dark state via spontaneous emission, a phenomenon which is
known as coherent population trapping (CPT) [226]. The existence of dark state and
phenomenon of CPT is discussed in details in the articles [227-232]. The atoms which
are trapped in the dark state are unaffected by the near-resonant laser fields and are
free from other dissipation mechanisms present in the environments. Nevertheless, the
net magnetization of such an atomic ensemble precess about the magnetic field coher-

ently for a longer time, in principle for an infinite duration. In this chapter, we will
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describe the contribution of these dark state atoms in the formation of SN signals based

on Faraday rotation fluctuation measurements.

5.1 Theoretical Modelling

Let us consider the dynamics of valance electron of "Rb atoms in a A-type three
level system (3LS) formed with two ground hyperfine levels within 557 /5, F' = 2 state
and one excited level in 5P;/9, I = 3 state. These are the Zeeman states within the
hyperfine levels and we denote them as |1),]2) and |3) as shown in Fig. 5.1. These
states are generated by applying a homogeneous magnetic field along the Z—axis. The
optical dipole transitions connecting the levels |1) <+ |3) and |2) <> |3) are driven by
two off-resonant coherent laser (Raman) beams with Rabi angular frequencies €2;3 and
(93, respectively. Note that the dipole transition between the levels |1) < |2) are
forbidden. In the following, we produce a microscopic model of the driven systems
which we can solve exactly to find the correlations between the ground states. We will
ignore the contributions of equilibrium thermal noise while deriving the spectrum for
coherently driven 3LS. The equilibrium thermal noise form a background pedestal in
the spectrum and we will show this in the experimental results part. The theoretical
modelling for the Raman driven SN signal based on Heisenberg—Langevin equations
are discussed in Appendix F. In the following section, we discuss the Raman induced

ground state coherence using phenomenological master equations based on OBEs.

5.1.1 Phenomenological master equations for the driven 3LS

A pair of phase-coherent Raman radiation fields derived from ECDL interacts with
a 3LS formed by two ground states |1), |2) and one excited state |3) as depicted in
Fig. 5.1. The frequency, intensity, and polarization of the individual Raman beams are
controlled using acousto-optic modulators (AOMs) and wave-plates.

The semi-classical interaction Hamiltonian of the 3LS in the presence of two Raman
beams within the rotating-wave approximation (RWA) for semiclassical light-matter

interaction can be written as [233]

Hint

h = (A23 — Alg)[ﬁ# — A130'T0' — ng<0' —|— UT) - Qgg(lu + ,Uﬁ), (51)

where, we define the dipole transition operators of the 3LS by of = |1)(3], uf =
12)(3], v = |1)(2]. Here, ;3 and (o3 are the resonant Rabi angular frequency of
the Raman field 1 (R1) and Raman field 2 (R2), respectively. For simplicity, we have
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Figure 5.1: Energy level diagram used for coherent coupling between the Zeeman
states (|1) and |2)) within a ground F'—level. A;3, 3, and wy; (i = 1,2) are the optical
detuning, Rabi frequency, and frequencies of the two Raman fields. 7 is the excited
state (|3), a Zeeman state in F’—level) linewidth, and +' is the relaxation rate of spin
coherence between the states |1) and |2). The Raman resonance condition is satisfied
when the frequency difference between the Raman fields coincides with the frequency
difference between the states |1) and |2) (i.e., ws1 —wsy = 27v), where v, is the Larmor
frequency.

assumed that €213 and (253 to be real-valued. The detunings of the Raman fields from
the related optical transitions are A3 = wg — w3 + w1, A9z = W — W3 + wa, Where
ws1(ws2) is the angular frequency of the Raman field 1(2), and w; is that of the state
li) (i = 1,2,3). The symbols si, so denote the polarizations (linear or circular) of the

two Raman fields.

In the presence of the Raman fields, the atoms are driven out of thermal equilibrium.
The Raman beams are made to travel co-propagating to eliminate the Doppler effect
of the thermal atoms during interacting with the A-system. The effect of interaction
Hamiltonian H,,; modifies the bare atomic eigenstates to a new set of eigenstates when
analyzed from the rotating frame defined by the laser fields. One of this eigenstate is
the so-called dark atomic state formed between two ground states |1) and |2) and can
be represented as |¢p) = ¢1]1) — ¢2|2). Here the amplitudes ¢; (i = 1,2) depends on
the Rabi frequencies of the Raman beams. The dark state |¢)p) does not contain any
amplitude of the excited state |3) and can be effectively decoupled from the laser fields
with the proper choices of the amplitudes ¢;s. Therefore the atoms in this coherent
superposition state live longer (ideally for infinite time) and precess coherently around
the applied magnetic field. The power spectrum for the coherently driven system will
ideally be a delta function. In the following, we will experimentally demonstrate and

theoretically show that this is in fact the case. However, the contributions of the



5.1 Theoretical Modelling 95

equilibrium thermal noise (i.e. intrinsic spin noise) and incoherent excitation of the

atoms by the Raman radiation fields are ignored in the theoretical derivation.

We can directly write the phenomenological master equations (Lindblad equations)
for the evolution of various components of the density matrix of the 3LS for the Hamil-
tonian H in Eq. F.1. These equations are similar to those obtained from the micro-
scopic Heisenberg-Langevin equations but with some differences in the rates which
we point out below. Since the intrinsic fluctuations (related to the equilibrium noise,
e.g., n(t) above) only form a broad background in the measured power spectrum for a
relatively strong driving by the Raman fields, we drop these noise terms from the fol-
lowing master equations to be able to extract an analytical expression for the measured
power spectrum. These master equations are written in the rotating frame by rewrit-
ing the elements of coherence as psi(t) = ps1(t)e ™1t pso(t) = psa(t)e ™2t poy(t) =
po1(t)e™"@s1=ws2)t where fs;(t), ps2(t) and fo;(t) are the density matrix elements in the
laboratory frame and p;;(t) are those in the rotating frame. We study how the drive
beams affect the coherence between the ground levels |1) and |2). We further take the
following limits for the relaxation rates, vi3 = Y23 = 7,712 = Y21 = 7,731 = Y32 = 0

and 7 < 7, to simplify the master equations. We get,

dg;;;l = (1 — p11 — p22) — €3(p13 — ps1), (5.2)
dpaa :
— = V(1 = p11 — p22) — iQ3(p2s — p32), (5.3)
% = —(v+iA13)p13 — iQ23p12

— i13(2p11 — 1+ pa2), (54)
% = —(v —iA13)ps1 + 1Qa3pn

+ Q32011 — 1+ pa2), (5.5)
% = —(v+iAg3)p2s — 1302

— iQs(2p22 — 1+ p11), (5.6)
% = —(v—iAg3)ps2 + 1312

4+ iQ03(2p22 — 1 + p11), (5.7)
% = —i(A13 — Aoz — 17 ) p1a + Q13030

— if{da3p13, (58)
dpzl . ) ;
— = i(A13 — Aoz + 37 pa1 — 113023

+ iQQgpgl. (59)
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These master equations are exactly similar to those in Eq. F.13 when we identify
the elements of the density matrix with the expectation of related operators. (i.e.
p13(t) = S1(t), p12(t) = Sa(t), ps2(t) = S5(t), p3s(t) = S11(t), p11(t) = Sa2(t)). However,
there are some differences arising from the identification of 51 or ;5 with v3. We apply
these equations to investigate how the Raman fields affect the coherence po () between
the ground levels. From the above set of equations, we find po(t) at the steady-state
by setting dp;;(t)/dt = 0.

An off-resonant, linearly polarized probe laser field propagating along x-direction
dispersively detects the temporal fluctuations of the population between the Zeeman
states within a ground hyperfine level of rubidium atoms. The measured instantaneous
Faraday rotation of the probe field is proportional to the instantaneous population
difference between the consecutive Zeeman states. Therefore the autocorrelation of the
Faraday rotation signal can be represented by a two-time correlation (ph, (t)721(0)) of
density matrix coherence (p9;) between these states in the laboratory frame. We write

the power spectrum by taking the Fourier transform of such a correlation:

1 o0

Pw) = 5 dt €' b (1) (0)
1 o ,
= 5o dremenTeipl ()0 (0), (5.10)
™ —00

where the expectation is performed over equilibrium thermal noise. For a strong driv-
ing, we ignore the equilibrium noise in leading order to obtain a simple expression for
the power spectrum of the strongly driven atoms at steady-state. When the driven
atoms reach the steady-state at a long time, py;(t) becomes time-independent. Then,

we can replace py(t) and po1(0) by their steady-state value po; to find,

1 *° ,
Pw) = Py dtel(w7w51+ws2)t|p21‘2
= §(w+ wsy — ws,)|par]? (5.11)

We can find a relatively simple formula for p;; by choosing 213 = (o3 = Q113 =

Y23 = 7V, V12 = 721 = ’y/ and A23 = 07 A13 = A:

YO2((Y 4 iA) (27 + iA) + 402)

V(Y2 + A%) (292 + A2) + (297 (37 + 47) + (7 + 27)A2)Q2 + 4(3y' + 29)Q*
(5.12)

P(w) in Eq. 5.11 shows a delta peak at w = w,, — ws, =: 27d19, whose strength |po; |*

P21 = —

in Eq. 5.12 grows rapidly with increasing () before saturating at large (2. Note, A := B
indicates that A (: towards A) is defined to be B, i.e. in the last line we defined ;5
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in terms of the Raman laser frequency difference, ws;, — w;,. Therefore in the driven
spectrum, the delta function peak will appear at the two photon frequency difference
of the Raman beams which we define as ;5. Further we can also express d;5 in terms of
the optical detunings of the Raman beams (A3, As3) and the Larmor frequency ()
of the atoms in the ground levels, in the following fashion: 271 = 27y — (Agg — Ay3)
(see Fig. 5.1). Note also that, for our measurements, any relative phase difference
between (213 and (293 is irrelevant. This point will be clear when we discuss the results.

The power spectrum in Eq. 5.11 gives a delta peak at spectral frequency w =
ws, — ws, whose strength is determined by |ps1(00)|? given in Eq. 5.12. The strength
of the peak is maximum when A = 0 (A3 = Ay for general detunings), and the
peak height falls with increasing |A| as shown in Fig. 5.2. When A3 = Ags, we get
012 = v, signifies that the driven spectrum strength is maximum when the two-photon
difference of the Raman beams is equal to the Larmor frequency of the atoms. This
is the Raman resonant condition (012 = vr), and in this situation, more and more
atoms will trap into the dark state. For A,3 = 0, the envelope of the sharp delta peaks
has a Lorentzian-like shape centered around A;3 = 0 when ©Q < ~ but it changes to
Gaussian-like shape for larger 2. We also present the simulated envelope spectrum
of the Raman driven signal in a wide parameter range for 2,y and +/ in Fig. 5.3. In
the inset of Fig. 5.2, we further show the dependence of the envelope width of the
driven power spectrum as a function of the (scaled) driving Rabi frequency /7. As
intuitively expected, the envelope width falls with decreasing driving Rabi frequency
which we have also measured experimentally in thermal vapor. For Ayz # 0, the peak
height is maximum around A3 = Aag.

The coherence between the ground levels is induced by the Raman beams, and its
strength increases with increasing value of the Rabi frequencies of the Raman beams
before saturating at higher €2 > ~ as shown in Fig. 5.4. The dependence of coherence
on  can be understood easily by taking resonant limit A = 0 (i.e. d;5 = vz) in

Eq. 5.12, and we get

7294
7+ (37 + 29

|P21(OO)\2A:() = ( (5.13)

Intrinsic spin noise spectrum In the absence of driving by the Raman fields
(Q = 0), the rubidium atoms are in thermal equilibrium, and the populations in their
hyperfine ground level Zeeman states fluctuate over time due to thermal (and quantum)
fluctuations. Such equilibrium population fluctuations generate an intrinsic SN in the

atomic vapor as discussed earlier in this thesis. When Q = 0, only the lower two levels
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Figure 5.2: The envelope |py;|? of the Raman driven power spectrum (in arbitrary
unit) from rubidium atomic vapor with the Raman beam detuning A;3 at relatively
low driving Rabi frequency /v = 5 x 1072 and temperature T= 393K where A,z = 0.
The inset shows the dependence of the envelope width (with a factor of 27) of the
driven power spectrum as a function of the (scaled) driving Rabi frequency §2/7.

of the three-level system (3LS) participate in the equilibrium spin dynamics detected
by the probe beam. Therefore, we can derive the SN spectrum by including a noise
term in the master equations of the density matrix elements of these levels. Thus, we
write

dpa1

P i(we — w1 + 1721) P21 + (1), (5.14)

where we assume the noise 7(t) to be a Gaussian white noise with zero mean and
(n(t" (")) = Noya1d(t' — t”), where Ny is number of atoms within the measurement

region. We then get the power spectrum P(w)|q=¢ of the spontaneous spin fluctuations

as:
1 [~ ot ) ~ -
P(w)lo=o = o dte’”t<p§1(t)pzl(0)>
1 - iwt [ ~F ~
= —Re| [ dte(ph(t)pm (0)
T 0
— N2 721 (5 15)

%7221 + (W —wy +wy)?

where ;; is the relaxation rate of the spin coherence between states ¢ to j of

the atoms and N, is the number of atoms in the observation region. P(w)|g—g is
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Figure 5.3: Features of symmetric |py;(00)|? as a function of the detuning A (= Aj3)
of the Raman beam for various Raman beam driving © (= Q13 = Q3) and decay rate
v (12 = 21). Here, Ayz = 0. All parameters are in units of v (713 = 7o3).
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Figure 5.4: Dependence of the induced coherence |pg;(00)|A_, between the ground
levels on the Rabi frequency €2 of the Raman beams at resonance. All parameters are

in units of v (13 = 23).
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a Lorentzian centered around w = (wy — wy) =: 27y and with a full-width at half
maximum (FWHM) of 2.

5.2 Experimental results and discussions

In this section, we present the experimental results for the Raman driven spectrum
of thermal 8"Rb atoms and compare them with the theory presented in the previous
section. We will also extract information about the intrinsic spin-coherence of the
atoms from the driven envelope spectrum. We will show the enhancement of the
driven spectrum strength in comparison to the intrinsic SN signal. We also rigorously
study the dependence of the driven spectrum strength on the relative polarization
states of the Raman beams. A qualitative theory of polarization dependent on the
driven spectrum that supports the experimental observations are also discussed. Next,
we present Raman beam induced coherence transfer between homo-nuclear atoms with
different g—factors. We also observe a generation of higher harmonics in the spectrum

at multiples of 415 frequency for the strong coupling of atoms by the Raman beams.

5.2.1 Details of the set-up

The details of the experimental set-up for intrinsic spin noise measurements of Rb atoms
are presented in chapter 3. The arrangement of the Raman beams for the measurements
of the coherently driven spectrum is shown in Fig.5.5 (a). A linearly polarized probe
laser beam (blue) is sent through the vapor cell along x—direction and collected in the
polarimetric and detection set-up. The laser beam is focused at the center of the cell.
We use the same Rb atomic vapor cell for the measurements of Raman driven signal
as mentioned in chapter 3. We kept the probe beam detuning 6, = —4v away from
the relevant transition as shown in Fig.5.5 (b). We have independently measured the
pressure broadened (due to the presence of neon buffer gas in the cell) line-width of the
absorption signal of 8Rb atom is v = 27wx 1.79(0.02) GHz. A homogeneous magnetic
field is applied on the atoms along the z—direction using a pair of magnetic coils in
Helmholtz configuration.

For the detection of Raman driven signal, we sent a pair of phase correlated laser
beams (red) through the vapor cell. We align the Raman beams with a small angle
~ 3° with respect to the z-axis to prevent them from falling on the photo-detector and
block them after the cell. The Raman beams are generated from another ECDL with
linewidth below 1 MHz. The frequency of the Raman beams are tuned in such a way to
address the transition 559, F' = 2 — 5P; 5, F' = 3 (Ds) transition of ¥ Rb as depicted
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Figure 5.5: The schematic of the experimental set-up for the detection of Raman
driven spectrum using Faraday rotation fluctuation measurements and the relevant
energy levels of the 8"Rb atoms. (a) depicts the arrangements of the Raman beams
(red), probe beam (blue), magnetic coils, vapor cell (filled with rubidium atoms and
neon buffer gas) and detection set-up. The magnetic coils are arranged in Helmholtz
configuration to produce a homogeneous magnetic field over the vapor cell. The red
linear and circular arrows indicates the polarization states of the Raman beams. HWP:
half-wave plate, QWP: quarter-wave plate, L1, 1.2, L3: lenses, NPBS: non-polarizing
beam splitter, PBS: polarizing beam splitter. (b) The relevant electronic energy level
diagram of ®"Rb atoms [22] and the probe and Raman laser frequencies used for the
measurements. (a-inset) We indicate the Raman beams as Raman beam 1 (R1) and
Raman beam 2 (R2). In the experiment, we select |F = 2, mp = —1) = |1), |F =
2,mp =0) = [2) and |F' = 3,mm = 0) = |3) of the 8"Rb atoms.
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in Fig.5.5 (b). The spatial mode of the Raman beams is cleaned to the Gaussian
mode using polarization maintaining fibers. The fiber output laser beam is then split
into two parts using an HWP and PBS. Thereafter, these two beams are sent through
separate but similar AOMs. The frequency of the AOMs is tuned by the voltage control
oscillator (VCO) in the radio-frequency (RF) range. The details of AOM is discussed
in Appendix B. We have taken the —1%¢ order diffracted beam from each AOMs as a
Raman beams. The diameter of the Raman beams is ~3.4 mm. Before sending them
into the vapor cell, the Raman beams are made to overlap using a non-polarising beam
splitter (NPBS) to generate the beat signal. The instantaneous spectral width of the
beat signal is ~ 200 Hz with a 10 Hz resolution bandwidth (RBW) of the spectrum
analyzer. However, the frequency jitter of beat signal over a second of integration
time is ~ 2 kHz which is the typical measurement time of the driven spectrum using
Raman beams. This jitter in the frequency of the beat signal is originated from the
voltage fluctuations which are fed into the VCO of the AOM. The polarization of the
Raman fields can be independently varied, employing the combination of half-wave
plates (HWPs) and quarter-wave plates (QWPs). We typically manage to obtain a
polarization purity of the Raman fields > 99%.

Figure 5.6: The spatial intensity profile (a) and the temporal interference pattern (b)
of the combined Raman beams measured before the vapor cell.

We have also measured the temporal interference pattern of the combined Raman
beams before sending them into the vapor cell. We have maximized the overlap be-
tween the Raman beams on the NPBS by maximizing the strength of the temporal
interference signal on the oscilloscope as shown in Fig.5.6 (b). The spatial intensity

profile of the combined Raman beams before the cell is shown in Fig.5.6 (a).
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5.2.2 Enhancement of the signal using Raman driving

First we demonstrate the generation of the delta function peak (see Eq. 5.11) at fre-
quency 612 in the spectrum and the enhancement of that signal-strength with the
Raman driving as compared to the intrinsic SN signal (i.e., © = 0) in the thermal
8"Rb atomic vapor. In the experiment, we select the 3LS as |F = 2,mp = —1) = |1),
|FF=2mp=0)=12) and |F' = 3,mp = 0) = |3) (see Fig.5.5 (a-inset) and Fig.5.5
(b)). We choose the polarization of the Raman fields in the (1), — (03 ), configuration
where the subscript 1(2) refers to R1 (R2), and z-axis is the propagation direction of the

Raman fields. We keep the Raman beams continuously on during the measurements.
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Figure 5.7: The formation of the delta peak at frequency d,5 when the Rb atoms are
coherently driven by the Raman beams. (b) shows an extremely narrow peak (broadens
by the experimental noise) in the driven spectrum at the Raman resonance condition
(i.e. 812 = vy) for the Raman beams intensity of Q/y =7.6 x 107%. An enhancement
of the signal strength of 10° times in comparison to the intrinsic SN signal (a) has been
observed as predicted by the theory.

The measured intrinsic spin noise power spectrum P(w)|q—o is presented in Fig. 5.7(a),
which shows the Lorentzian FWHM of ~ 27 x 150 kHz for 8’ Rb atoms in thermal equi-
librium at T = 388 K. We have experimented with a lower frequency span of the

spectrum analyzer which detects the intrinsic SN signal at the Larmor frequency of ~
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4.63 MHz. The Faraday rotation is an angle having a unit of rad. Since we have per-
formed a polarimetric measurement on a balanced photo-detector with output in volts,
the power spectral density (PSD) has a unit of V?/Hz |15, 174]. The data acquisition
time for this measurement is 98 seconds.

Next, we employ the Raman beams (2 # 0) to pass through the atomic systems
and detect the driven PSD at the Raman resonance condition, i.e. at 1o ~ 4.63 MHz.
The detected driven PSD is shown in Fig. 5.7(b) for /v = 7.6 x 1073, Experimentally
we observed a small but finite width (~ 2 kHz) of the detected signal instead of the
delta function as predicted in Eq. 5.11. This width is due to the relative frequency
jitter of the two Raman fields during the acquisition time of the signal which is derived
from two independent AOMs. The data acquisition time for this signal is one second.
Additionally, we have also observed an enhancement of the signal strength (|ps;|*) for

P(w)]azo0 by 10° times in comparison to the intrinsic SN signal as shown in Fig. 5.7
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Figure 5.8: Raman driven envelope spectrum (a) and intrinsic spin noise (SN) spec-
trum (b) rubidium atomic vapor at T = 388 K. In (a), 8’Rb atoms were coherently
driven by a pair of Raman fields, and the envelope of the series of spectra is fitted by
|p21|* shown in Eq. 5.12 (pink dashed line). The strength of the driven spectrum is
enhanced by approximately 10° times in comparison to the intrinsic SN signal when
the Raman field intensity /v =7.6 x 1073 and 29/ = 27 x 118.6 kHz.

In the subsequent experiments, we vary ;2 while keeping Aoy = 0 (i.e. we vary
the frequency of the R1 centered around A = A3 = 0), and record a series of spectra
shown in Fig. 5.8(a). The peak height is maximum when A =0 (i.e., 012 = vy ), and it
decreases with increasing |A|. The envelope of the narrow peaks with varying 4,2, as
shown in Fig. 5.8(a), has a “Lorentzian—like" shape when Q2 < ~. But it switches to a

“Gaussian—like" shape for larger 2. For the experiments performed in this work, the
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2/~ has always been less than 1, therefore we explored the “Lorentzian—like" regime.
These series of spectra span an envelope that is fitted (pink dashed line) by the formula
|p21|? given in Eq. 5.12 with fitting parameters 2/ =7.6 x 1073 and 27/ = 27 x 118.6
kHz. This fitting gives a peak position of the envelope spectrum at vy, and an envelope
width of ~ 271 x 250 kHz. As a comparison to the undriven signal, we have also provided
the intrinsic SN signal shown in Fig. 5.8(b) taken in the same experimental parameters
(with Q = 0). In Fig. 5.8(b), we have observed a significant SN contribution of the
8Rb atoms which are left undriven by the Raman beams in Fig. 5.8(a). Therefore, the

enhancement of the Raman signal for ®Rb atoms are not prominent in Fig. 5.8(a).

5.2.3 Measurement of intrinsic spin coherence using driven PSD

The dependence of |py;]* on Q can be understood by taking the Raman resonant limit
A =0 (012 =vp) in Eq. 5.12, and we get Eq. 5.13. Eq. 5.13 shows that the coherence
between the ground levels grows with increasing €2 before saturating for higher €2 > ~.
The on-resonance signal strength has a simple dependence on the three parameters,
namely 2, v, and 4'. However, the value of 7 is constant for the Rb atoms inside the cell.
Therefore, for a particular temperature, the dependence of on-resonance signal strength
with Q provides information about the intrinsic spin-coherence rate (7') according to
the Eq. 5.13. In order to measure |py;|A_,, We vary the intensities of the Raman fields
keeping A = 0. We have performed this measurement for two different temperatures
of the cell in order to compare the value of 7/ extracted from the driven PSD with the
intrinsic spin-coherence rate.

The measured on-resonance peak strength |pa1]A_, as a function of /7 is plotted
in Fig. 5.9. The black triangles (blue circles) are the data corresponding to T = 373 K
(393 K) of the vapor cell. We fit these data by Eq. 5.13 (solid lines) keeping only + as
a free parameter. We extract the value of 29 to be 2w x(95+7) kHz and 27 x (136£15)
kHz for 373 K and 393 K, respectively. We have separately measured the FWHM of
the intrinsic SN spectrum to be 27wx(1264+3) kHz and 27x(153.74+0.4) kHz for these
temperatures, respectively. We attribute these small but finite (within 25 %) differences
to two competing effects of different physical origins - the perturbation induced by the
Raman driving to bring the atoms beyond thermal equilibrium and linear response,
and the suppression of spin projection noise due to coherent coupling.

We have also extracted the value of 4/ by fitting the recorded envelope spectrum
with Eq. 5.12 with keeping 4/ as a free parameter. For this, we have recorded the
envelope of P(w) by varying d; for a fixed value of 2. We repeat these experiments for

various values of €2/~ and fit each spectrum with a Lorentzian function (since /v <
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1). The extracted FWHMs of the envelope for various €2/ are shown in Fig. 5.10.
Black triangles (blue circles), shown in the inset, are the extracted values of 27" after
fitting the envelope with |pg;]? given in Eq. 5.12 for T = 373 K (393 K), respectively.
The average value of 27/, extracted from these measurements is 27 x(95+6) kHz and

27 x(131£10) kHz for those two temperatures, respectively.
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Figure 5.9: On-resonance (412 = vy) signal strength of the Raman driven signal from
the thermal 8"Rb atoms as a function of /. The black triangles (blue circles) are the
on-resonance peak strength for temperature T = 373 K (393 K). The solid lines are
the fits by Eq. 5.13.

In the measurements reported in Fig. 5.10 (inset), we notice consistent lower values
of the extracted 29/ than the intrinsic measurements (2 = 0), which indicates that
the spin projection noise suppression is more significant for thermal vapors than the
perturbation effects bringing the system beyond equilibrium.

We have further experimentally verified that the FWHM of the envelope can be
smaller than the intrinsic width of the SN spectrum (indicated by arrows at the bottom-
left side of Fig. 5.10). We have detected as much as 15% reduction in the width of the

driven envelope than the intrinsic SN spectrum.

5.2.4 Dependence of driven power spectrum on Raman fields’
polarization
We have also experimentally investigated the dependence of the Raman driven power

spectrum on the polarization state of the Raman fields in the thermal 8"Rb atomic

vapors.
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Figure 5.10: The FWHM of the envelope of P(w) for the thermal 8"Rb atoms as
a function of /. The black triangles (blue circles) represent the FWHM (with a
factor of 27) of the envelope fitted with Lorentzian profile for T = 373 K (393 K). In
the inset, the black triangles (blue circles) show the extracted value of 2+ after fitting
the envelope using Eq. 5.12. The black (blue) arrow indicated on the bottom-left side
represents the measured FWHM of the intrinsic SN spectrum. The raw spectrum and
its measured FWHM are indicated at the bottom-right corner.

In Fig. 5.11 (a), we show the driven power spectrum for various combinations of
the polarization state of the Raman fields in thermal vapors. The polarization of the
R1 field is linear ((7).), and kept fixed. We have tuned the polarization state of
the R2 field, and recorded the driven power spectrum as shown in Fig. 5.11(a). The
strength of the spectrum is maximum for (1), — (05 ), polarization of R1 and R2 fields,
which corresponds to the angle § = 45° or 225° between the optic axis of the QWP
and the input polarization (p-polarized) of the R2 field. The Raman fields can not
drive the atoms coherently between the states |1) and |2) for polarization combination
(1) — (m2)., which corresponds to § = 90° or 180°. This fact was experimentally
confirmed and is presented in Fig. 5.11(a), which shows that we indeed coherently
drive the entire atomic sample as opposed to incoherent driving. Note that we have
observed an additional maximum at § = 135°. The appearance of this maximum can
be explained in the above way by considering a A system with ground states |F =
2,mp =—1)=|1),|F =2,mp = 0) = |2) and excited state |F' =3, mp = —1) = |3).
Such a combination of states is allowed for the alkali atom 8"Rb in our thermal vapor
experiments.

We here demonstrate the role of angular momentum conservation in coherent cou-

pling through our measurements. In Fig. 5.11(b), the normalized peak strength of the
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Figure 5.11: (a) The Raman driven power spectrum with detuning d;5 for various
polarization states of the R2 field in thermal vapors. The R1 field is p-polarized ((m1).).
0 is the angle between the optic axis of the quarter-wave plate (QWP) and the input
polarization (p-polarized) of the R2 field. The angular momentum conservation of light-
matter interactions in A system is satisfied for (), — (¢3), polarization combinations
of the Raman fields. These correspond to 8 = 45°, 135°, 225°, where a maximum in
the spectrum is observed. The driven spectrum vanishes for (m;), — (m2), polarization
combinations (# = 90°and 180°), implying no coherent coupling between the states
|1) <> |2) by the Raman fields. (b) The driven spectrum strength as a function of € at
Raman resonance condition. The solid line joining the data points are a guide to the
eye.

driven power spectrum (|pg;|4_,) from thermal vapors is shown for various angle 6.
The observation in Fig. 5.11(b) shows the fidelity of the coherent coupling of atoms by
the Raman fields’ polarization state. This can also be applied to control the atomic
coherence between ground levels. The manipulation of atomic level coherence may find
applications in quantum communications and quantum information processing using

neutral atoms.

Raman coherence in the quantization basis The experiments in the vapor cell
were performed in the presence of a homogeneous magnetic field (defining the quan-
tization axis) applied along Z, and the Raman fields propagating along &. The probe
laser propagating along z-direction detects the x-component of the atomic spins. Here
we neglect the slight angle between the probe and the Raman lasers, as schematically
shown in the Fig. 5.12(a).

We consider the polarization state of the Raman fields propagating along k || Z
being linear ((m),) and circular ((o5),). In the presence of the Raman fields, the

electronic spins align along the z-axis. However, due to the homogeneous magnetic
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Figure 5.12: (a) Depicts the direction of the applied uniform magnetic field (B2),
the propagation direction of probe (kpqopeZ) and Raman (kraman®) lasers. (b) shows
the precession of the system’s magnetization on the x — y plane about the magnetic
field applied along the z—direction.

field along Z, the spins precess about z-axis on the z — y plane. Since the Larmor
precession rate (e.g., v, ~ 4.6 MHz) in our experiments is typically much higher than
the spin relaxation rate (1/2775 ~ 0.15 MHz), the spins lie on the = —y plane as shown
in Fig. 5.12(b).

We further restrict our discussion for a system with ground hyperfine level F' = 1
and excited hyperfine level F/ = 1. In the following, we will describe the dependence
of Raman-driven power spectrum strength on various polarization combinations of R1
and R2 fields presented in Fig. 5.11. Any spin component of F' or F’ on the x — y plane
can be written as a linear superposition of all possible spin components along 2, for an

example [234],
| F = 1>m - |77lF = ]->z + | F = O>Z | = 1>z (5 ].6)

We can also decompose the polarization of the Raman fields in terms of their electric
fields in the following fashion {204, 235]:
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where, é1; or éy; is the ith component of the corresponding electric field with ¢ = x, y, 2.

In our experiment, we fix the frequency of R1 field (of (m), polarization) on-
resonance to |mp = —1), <> |mp = 0), transition, and that of R2 field (of (03 ),
polarization) on-resonance to |mp = 0), <> |mp = 0), transition. According to our
decomposition in the Eq. 5.17 and Eq. 5.18, the allowed optical transitions in the 2
basis can be shown in Fig. 5.13, where the field é;, couples |mp = 0), <> |mp = 0),

transition and the field (éy,, + ié1.)/v/2 couples |mp = —1), <> |mp = 0), transition.

|mg, = —1), |mg, = 0) , |mp, = 1),

mp = =1), |mg = 0) , lmp = 1),

Figure 5.13: Formation of a A system in Z basis within the Zeeman states for (m),
and (o), combination of polarization of the Raman fields. The generated A system
is shown by black arrows.

The Fig. 5.13 shows that a A type 3LS is formed (indicated by black arrows) in
Z basis, and a coherence is built between the states |mp = —1), <> |mp = 0),. The
coherence between |mp = 0), and |mp = 1), can also be explained in a similar fashion.
This coherence in Z basis in turn built a coherence in  basis via Eq. 5.16, and detected
by the off-resonant probe laser. This case corresponds to 6 = 45° and 225° in Fig. 5.11.
The other maxima at @ = 135° can be explained by considering the (m), and (o5 ),
combination of the polarization states of the R1 and R2 field.

Note that, in the Raman-driven SN experiment, two different kinds of atomic ex-
citations happen simultancously. First — coherent excitation — where the atoms will
get trapped in the dark state formed between the two consecutive ground Zeeman
states. Second — incoherent excitation — where the off-resonant ¢* or @ component
leads to the random redistribution of the atoms in the ground Zeeman states. The
atoms which are trapped in the dark state are free from incoherent excitations by the
other off-resonant Raman fields components. The remaining atoms that are randomly

distributed in various Zeeman states will participate in the coherent excitation in their
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upcoming excitations. In this way, eventually, in the steady state, all the atoms will fi-
nally get trapped in the dark state and contribute to the coherent part of the spin noise.
However, there may be some incoherent excitation that occurs due to the improper po-
larization and overlap mismatch of the Raman beams, frequency mismatch, etc. In
this case, this incoherent excitation contributes as a background pedestal (broadband
atomic white noise) in the spectrum.

For (), — (m3), combination of R1 and R2 field polarizations (6 = 90° and 180°),
no A system is formed in Z basis within the ground hyperfine level Zeeman states.
Therefore, no amplification in the driven power spectrum has been observed.

However, it can be shown using Eq. 5.18 that when both the Raman fields are
o™ polarized, a double A system is formed within the consecutive Zeeman states in
F-manifolds. In this case, the signal strength is two times stronger than the case
discussed in Fig. 5.13.

The Table 5.1 summarizes the Raman driven signal strength for various combina-

tions of the Raman fields’ polarizations.

Polarization of Raman fields Comments on signal strength

(m1)z — (m2)s and (07 )z — (05 ).  No amplification, Intrinsic
(T1)z — (UQi)a: and (0%)93 — (m2)e |po1 |

(U%)w - (‘72i>w 2‘1021’2

Table 5.1: Dependence of Raman-driven power spectrum signal strength on the Ra-
man fields’ polarization combination.

We have experimentally verified the dependence of the on-resonance Faraday rota-
tion fluctuations signal strength on different polarization combinations of the Raman

fields. The experimental results are shown in Fig. 5.14 for completeness.

5.2.5 Raman driven spin-exchange between homo-nuclear atoms

with different g—factors

The spin coherence of an atom can enhance via spin-exchange collisions (SEC) with
other atoms in the spin-exchange relaxation free (SERF) regime [36, 37, 39, 236] or
using SEC to transfer coherence from one polarized atomic species to another unpo-
larized atomic species [237-239|. In general, the efficiency of the coherence transfer

is maximum when they are resonantly coupled i.e. when their Lande g-factors are
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Figure 5.14: The on-resonance signal strength of the Raman driven spectrum for
(01)e — (0)), and (7). — (05 ), combination of the Raman fields’ polarization with
various driving intensities. The plots support the results summarized in Table 5.1.

similar. A coherence transfer between atomic species with different g-factors can be
possible using RF dressing. The Lande g-factor of different atoms vary differently
depending on the strength of the applied RF field. For a certain value of the RF field
strength the g-factors of the colliding pairs are same. Therefore the strength of the
RF field can be tuned carefully to match the g-factors of the atoms and a transfer
of maximum coherence can be possible between them. An example of such coherence
transfer from major species *3Cs to minor species ’Rb has been shown in [240] at
a non-zero constant magnetic field. The coherence transfer by spin-lock technique is
presented in the work [241] where there is no need to tune the rf-field amplitude. Also,
the coherence transfer between atoms with the same Lande g-factors are observed in
[19]. In all of these previous examples, an rf field has been used to transfer coherence
between two atomic species. At a non-zero magnetic field, the coherence of an atomic
system can be achieved by introducing a circularly polarized light beam with intensity
modulated at the frequency of the Zeeman splitting. Such an atomic coherence can

transfer to other atomic species with different Lande g-factor and reported in [242].

In our experiment, we have also observed a coherence transfer via SEC when one
atomic species is resonantly driven by the coherent Raman beams. Our vapor cell

contains both the isotopes of rubidium atoms with abundance ratio of Rb : 8Rb
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= 1:11 at 373K temperature. The g—factors of these two homo-nuclear atoms are
different. However, in the experiment when we have resonantly driven the ®*Rb atoms
by the Raman beams, a significant line-narrowing in the intrinsic SN has been observed
for Rb atoms. This line-narrowing is a signature of the coherence transfer from %Rb
atoms to 8"Rb atoms via SEC.

We have tuned the ;5 of the Raman beams through the v; of ®Rb atoms and
observed the modifications in the intrinsic SN spectrum for 8’"Rb atoms. We have kept
the Raman beam polarization in (m;), — (05 ), combinations. In Fig. 5.15 (a), the
intrinsic SN spectrum of Rb isotopes for a magnetic field of 6.2 Gauss and temperature
of 373K is presented. The intrinsic SN signal for Rb isotopes is indicated in the picture.
Next, we have employed the Raman beams with 05 varied around the SN peak of Rb
atoms. In Fig. 5.15 [(b) and (c)], 812 is lower than the frequency of the SN peak of *Rb,
and the SN spectrum of 8’Rb has not been significantly affected. When the Raman
beams resonantly coupled to the ¥Rb atoms (i.e. d;5 = SN peak of ®Rb), a strong
modification of the intrinsic SN spectrum of 8"Rb has been observed which is shown
in Fig. 5.15 (d). This leads to enhancing the coherence time for ¥ Rb atoms by almost
one order. The FWHM of the SN spectrum of 8’Rb has been reduced by almost one
order and the signal strengths also increased by an order. When 65 is on the other
side of the SN peak of 8°Rb atoms, no such significant line narrowing is observed in
the SN spectrum of 8"Rb (see Fig. 5.15 [(e) and (f)]).

5.2.6 High Harmonics generation at 4, for strong driving

Furthermore, we have also observed the generation of second harmonics of d15 in the
driven power spectrum when the Rb atoms are strongly driven (£2/4 > 0.01) by the
Raman beams.

In Fig. 5.16, we demonstrate the generation of second harmonics at 2015 when d19
is scanned around the vy, for both the Rb isotopes. The intrinsic (€2 = 0) SN signal of
Rb isotopes in a particular magnetic field are indicated with the vertical broken yellow
lines and red labels on the top of the graph. Since the density of the atoms for 8°Rb
isotopes are an order of magnitude smaller than the 8'Rb isotope in the vapor cell,
the trace for the intrinsic SN signal corresponds to 8Rb atoms are not visible in the
false-color map, whereas the SN signal for 8"Rb atoms are presented with the vertical
blue trace. In the Raman driven experiments, we locked the R2 beam frequency on
the |2) <> |3) transition. The frequency of the R1 beam is varied near the [1) <+ |3)
transition during the measurements. The Rabi-frequency of both the Raman beams

are equal and kept Q/y =1.2 x 1072, In experiments, we first keep 1o in the lower
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Figure 5.15: The coherence transfer between homo-nuclear atoms via spin-exchange
collision (SEC) when one of them is subjected to the resonant Raman coupling. (a) the
intrinsic spin noise (SN) spectrum of Rb isotopes present in the vapor cell. §;5 is varied
around the SN peak of ®*Rb atoms. A reduction of one order in the FWHM of the
intrinsic SN signal for 8’Rb atoms has been observed when §,5 is equal to the Zeeman
splitting of ground hyperfine levels of ®Rb atoms in (d). The plots in (b-c) and (e-f)
show no significant effect in the SN spectrum of "Rb atoms has been observed when

19 is different from the Zeeman splitting of 8®Rb atoms. The y-axes of the plots are
truncated.
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Figure 5.16: Second harmonic generation at d15 frequency in the spectrum for strong
Raman coupling. The spin noise (SN) peak positions of ¥Rb and 3"Rb are indicated
using vertical yellow broken lines. The detuning 4,5 is varied over the SN peaks of both
8Rb and ¥ Rb isotopes, and they are identified as the grey color trace on the false color
map. The light blue color traces at 2015 are identified as the second harmonics of ;5.

side of vy, of 8Rb by keeping w;; red detuned with respect to [1) <> |3) transition. The
Raman beams were continuously kept on during the measurement of duration 10 s. We
have recorded the spectrum in a wide spectral frequency range of (2-10) MHz. Next,
we change 015 towards the v side and repeat the measurements. We have performed
the measurement until ;5 crosses the vy on the higher frequency side. In Fig. 5.16, the
grey color trace represents the position of d15 in the spectral frequency domain, whereas
the generated second harmonics correspond to each 4,5 are shown on the right-hand
side of the spectrum. The signal strength of the second harmonics is observed to be
strong when 075 of the Raman beams are crossed through the v, for both the isotopes.
This is because the generation of second harmonics is more when any one of the Rb
isotopes is resonantly driven by the Raman beams. When 415 is far away from those

SN peaks, the second harmonic is not observed in the spectrum.

Generation of higher harmonics for maximally coupled system. In section
5.2.4, we have demonstrated that the Raman driven signal strength is enhanced by
two times when the polarization of the Raman beams are chosen as ((07), — (07).)
configuration. In Fig. 5.17, we present the generation of higher harmonics until fourth
order when Rabi frequency of the Raman beams are same as in Fig. 5.16, however the

polarization is chosen as (07"), — (05 ),. Moreover, we have performed this experiment
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Figure 5.17: Generation of higher harmonics at d;5 from the coherently driven 8"Rb
atoms. The Raman beams are relatively strong (©2/v > 0.01) and resonantly couple to
atomic 3L A-system. The polarization of the Raman beams used for this measurement
is (07)z— (05 ), for maximum coupling. Inset shows the generation of higher harmonics

of d1, till fourth order.



5.2 Experimental results and discussions 117

at the Raman resonance condition for ’Rb atoms, i.e. dy5 = (v1)s7- The inset shows
the zoomed y-scale of the spectrum which verifies the presence of the higher-order
harmonics in the Raman driven spin correlation signal. The relative strength of the
higher harmonics (at ndi2,n = 2,3,4) are extremely weak (more than five orders) in

comparison to the principle signal at ;5.

The atoms in the dark state (¢)p) coherently oscillates between the states |1) and
|2) at a rate of frequency difference between those states (see Fig. 5.18, A—system
designated as (2)). However, when the Raman resonance condition is satisfied, the
rate of oscillation is the Larmor frequency (v7) of the electron in the magnetic field.
In the dark state, the oscillation of the atomic population between the ground states
induce similar oscillation of the system’s linear susceptibility (x"(w)), where w is the
optical frequency) which is being detected by the far-off resonant probe laser beam.
Nevertheless, in this case, the thermal fluctuations of the atomic population between
these states are heavily suppressed and only the coherent oscillations persist. Therefore,
we have observed a strong and extremely narrow spin coherence signal in spectrum at
d12 when 015 = vy, as shown as the first (principle) peak in Fig. 5.16. The principal
peak at 015 is observed even if 2 < ~. However, when the Rabi frequency increases,
the higher-order peaks in the multiple of d;5 appear in the spectrum due to the multiple
wave mixing between the various excitation channels in the coherently driven system

as discussed in the following.

In Fig. 5.18, the coherent oscillation of atoms in the dark states formed within |1) =
|F' =2 mr=—1) and |2) = |F = 2,mp = 0) are shown as a purple arrow in the A—
system designated by (2). In the experimental part, for simplicity, we have considered
only one A— system formed by atomic energy states and Raman beams. However, in
actual cases, the other combination of Zeeman states will also form A— system with
varied optical detuning from the excited state as shown in Fig. 5.18. However, this
detuning (order of MHz) is negligible compared to the . Therefore, all four A— systems
and the corresponding dark states have been contributed in the generation of the strong
Raman driven spectrum at ;5 as indicated in Fig. 5.18 and shown in Fig. 5.17. Fig. 5.18
shows that at the Raman resonance condition, the coherent oscillation of the atomic
population between adjacent Zeeman states (Amprp = +1) happens at a rate of the
Zeeman splitting (v7) and so to say at d;5. However, when the atomic vapor is driven
with strong Raman beams, the non-linear susceptibility (x*(w)) of the medium start
to play a significant role in the constructive interference of the different transition
pathways in the atom-light interactions at the Raman resonance condition. In this
scenario, the atoms that coherently oscillates between |mp = —2) <> |mp = —1) (A—

system(1)) can participate in the oscillation in the |mp = —1) > [mp = 0) (i.e. in A—
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Figure 5.18: The coupling of Raman beams with atomic Zeeman states to explain
the generation of higher harmonics.

system(2)). In this case, depending on the strength of the non-linear susceptibility, a
small fraction of atoms can oscillate between the states with Amp = 4+2 and frequency
at 2012. These states are: |mp = —2) <> |mp = 0), |mp = —1) <> |mp = 1) and
|mp = 0) <> |mp = 2). This observation is shown in Fig. 5.16. In this case, the

intermediate ground state is not seen by those fraction of atoms due to the quantum

interference effect of the transition amplitudes. The appearance of the other harmonics

can also be explained in this way.



Chapter 6
Magnetometry using SNS technique

This chapter is based on the publication [20]. In this chapter, we present the de-
velopment and characterization of a generic, reconfigurable, low-cost software-defined
digital receiver system (DRS) for temporal correlation measurements in atomic spin
ensembles. We demonstrate the use of the DRS as a component of a high resolution
magnetometer. Digital receiver based fast Fourier transform spectrometers (FFTS) are
generally superior in performance in terms of signal-to-noise ratio compared to tradi-
tional swept-frequency spectrum analyzers (SFSA). In applications where the signals
being analyzed are very narrow band in frequency domain, recording them at high
speeds over a reduced bandwidth provides flexibility to study them for longer periods.
We have built the DRS on the STEMLab 125-14 FPGA platform and it has two differ-
ent modes of operation: FFT Spectrometer and real time raw voltage recording mode.
We evaluate its performance by using it in atomic spin noise spectroscopy experiments.
We demonstrate that the SNR is improved by more than one order of magnitude with
the FFTS as compared to that of the commercial SFSA. We will also demonstrate that
with this DRS operating in the triggered data acquisition mode one can achieve SN
signal with high SNR in a recording time window as low as 100 msec. We make use of

this feature to perform time resolved high-resolution magnetometry.

6.1 Introduction

Digital receivers are a class of electronic systems where operations like amplification,
filtering, integration etc. are performed as a series of mathematical operation on em-
bedded components like FPGAs, Microprocessors or GPUs. Compared to their analog
counterparts, digital receivers are immune to variations in gain and temperature. How-

ever, digital systems have quantization noise, sampling rate and phase noise which can

119



120 Magnetometry using SNS technique

be minimized by choosing high bit-width ADCs and low drift clock sources. These char-
acteristics make digital receivers an attractive option in applications where precision
measurements are required [243, 244]. AMO experiments are one such example.

Digital receivers are being used in AMO experiments for process control [245] (e.g.
temperature, current and wavelength control in lasers), synchronous detection [246]
and in compact magnetic resonance spectroscopy systems [247|. However, synchronous
detection may not be feasible in many AMO experiments including spin noise spec-
troscopy [1, 4, 5]. The typical strength of the raw SNS signal is < 1000V /v/Hz which
is far less compared to the previous studies|245-247|. Therefore, the SNS signal has to
be recorded continuously (or on trigger) to improve the SNR.

In this chapter, we discuss the development and utilization of a versatile digital
receiver to measure the SN in atomic vapor systems. We have performed a comparative
study with the results presented in chapter 3 and 4 [5]. We then demonstrate its
utility in real-time precision magnetometry. This digital receiver can also be used as a
component of a novel, miniaturized magnetometer based on SNS techniques that will
be discussed at the end of this chapter.

The chapter is organized as follows: We introduce SNS and the digital receiver
system developed for its measurement in section 6.2. The firmware architectures of
the former is described in section 6.3. The methods adopted to mitigate the effects
of electro-magnetic interference (EMI) in the measurements are described in section
6.4. In section 6.5, we present the SNS data obtained by using our DRS as well as a
comparison with the results obtained from SFSA. Further, we demonstrate triggered
data acquisition and time resolved magnetometry using our DRS. We conclude in
section 6.6 after a brief discussion on further applications and future scope of the

developed receiver.

6.2 Digital receivers for spin noise spectroscopy

In this section, we describe the implementation of this detection schemes in spin noise

spectroscopy technique by introducing our digital receiver.

6.2.1 Spectroscopy technique

Study of SN of an atomic ensemble has varied applications, ranging from precision
magnetometry, non-perturbative optical detection to metrology and quantum sensing.
Our SNS experimental set-up using DRS system is shown in Fig. 6.1. A probe laser
beam which is red detuned by 10 GHz is used to probe the spin fluctuations of the
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atoms in the vapor cell heated to temperatures ranging between 350 K and 400 K.
The spin fluctuations causes polarization fluctuations of the probe laser. The polari-
metric detection scheme employing a half wave plate (HWP), polarizing beam splitter
(PBS), and a balanced photo-detector (BPD) is capable of measuring this polarization
fluctuation. A uniform magnetic field (B, ), produced using a pair of magnetic coils
in Helmholtz configuration, is applied on the atomic vapor which is perpendicular to
the propagation direction of the probe laser beam. The output signal of the BPD is

recorded using the digital receiver described in this chapter and reported in section 6.5.

LASER -ﬁ:}J
PBS __\

i

L HWP VvC L HWP
SNS DRX

(Red Pitaya)

Figure 6.1: A typical spin noise spectroscopy (SNS) set-up of rubidium (Rb) atomic
vapor. L- plano-convex lens, VC- vapor cell (contains Rb atomic vapor), M- dielectric
mirror, HWP- half wave plate, PBS- polarizing beam-splitter, BPD- balanced photode-
tector, B, - orthogonal magnetic field.

Previously we used a commercially available SFSA! to detect the SN signal from the
balanced photo-detector. It has a superheterodyne stage whose mixer provided a local
oscillator (LO) signal, such that the radio-frequency (RF) signal is translated to a fixed
intermediate frequency (IF). Since the LO has to be swept across a range of frequencies,
the sweep time increases with frequency span. This reduces the dwell time at each
frequency resulting in a decreased sensitivity. From the experimental point of view,
this leads to poor SNR. Moreover, if the signal is expected to show variations smaller
than the sweep-time, it cannot be detected. SFSAs also have a low frequency cut-off
(in our case 100 kHz) below which the output amplitude and frequency measurements
are not possible. For performing the SNS on laser cooled atoms to investigate spin
dynamics in quantum regime, where a triggered data recording of a SN signal over a
short duration (~ few ms) is required, a SFSA can not be used. Therefore, we develop
the DRS system described in this chapter.

Thttps: / /www.keysight.com /in/en/assets/7018-01953 /data-sheets/5989-9815.pdf
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There have been recent experiments reporting measurements of SNS in quantum
dots [122]| as well as in atomic vapors [165]|, where the use of non-reconfigurable and
somewhat expensive digital receivers are reported. However, the digital receiver de-
scribed in this chapter, allows us to overcome the aforementioned limitations of SFSA,

with certain trade-offs.

6.2.2 Digital receivers for SNS

We developed a digital receiver capable of operating in two modes, as listed below.

(1) A fast Fourier transform spectrometer (FFTS) to probe the entire frequency
range of interest,

(2) A real time data recorder (RTDR) with trigger capabilities.

Both the aforementioned modes are implemented on the STEMLab 125-142 devel-
opment board. This board is selected for our application because it has two 14 bit
analog-to-digital converter (ADC) channels, with each channel providing a dynamic
range better than 80 dB. It has an analog bandwidth of 62.5 MHz, and is DC coupled.
The heart of the board is a Xilinx Zynq 7010 System on Chip (SoC), with integrated
programmable logic (PL) cells and ARM microprocessor based processing system (PS).
The signal processing algorithms are implemented on the PL side, while user control

and data transmission programs are implemented on the PS side.

6.3 Firmware Description

In this section, we describe the firmware architecture of the two operational modes of
the DRS.

6.3.1 Fast Fourier transform spectrometers (FFTS)

Fourier transform is used to find the spectral content of a time domain signal [248].
Fast Fourier transform (FFT) is an algorithm which reduces the complexity involved
in calculating the Fourier transform from a O(n?) to O(nlogn) problem by using the
periodicity and the symmetry properties of the former [249, 250]. This, in general, re-
duces the number of operations required to obtain the spectrum and results in resource
savings when implemented in embedded devices e.g. FPGA or in Microprocessors.
The SNR is proportional to /37, where 3 is the bandwidth, and 7 is the integration

time [251]. For a conventional spectrum analyzer, there are two time scales involved:

Zhttps:/ /www.redpitaya.com/f130/STEMIlab-board
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ts, the sweep time, and ¢4, the dead time. So, if a sweep contains N, points, the amount
of time required for obtaining the power at each frequency becomes t;/Ns. In cases
where the data is to be acquired using interfaces such as GPIB, USB, or ethernet, t4
includes the time taken for the spectrum analyzer to transfer the data to the DAQ
system, during which time no new acquisition can occur.

In case of an FFTs, the estimation of the power spectrum involves summation
of all time domain samples of the burst used to perform the FFT. If a streaming
algorithm is used, data acquisition, performing FFT and data transfer can happen
simultaneously resulting in zero dead time. Thus for a single spectrum, with the
same spectral resolution, an FFTs ideally provides /N, improvement in the SNR as
compared to SFSA [252].
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Figure 6.2: Top level block diagram of the FFTS. PS and related interfaces are shown
as green blocks. The red dashed lines indicate the flow of the master clock at 125 MHz,
which is derived from the ADC data clock. The data and clock inputs from the ADC to
the FPGA are Low Voltage Complementary Metal Oxide Semiconductor (LVCMOS)
signals.

The base firmware version of the Stem-Lab 125-14 provides a burst mode version
of the FFTs. However, we required capability to perform this operation in streaming
mode, and average the spectra on the FPGA itself. This allows us to keep data rates
below 30 MBps, beyond which loss-less data transfer via ethernet becomes difficult,
due to bottlenecks in communication between the PL and the PS sides of the SoC. The
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block diagram of our FFTS implementation is shown in Fig. 6.2.

The analog signal is sampled by the on-board ADC at 125 MHz. The digitized
data is captured synchronously on the FPGA, converted to 2’s complement format
and passed on to the spectrometer block.

The spectrometer block is implemented using Simulink System Generator. The
signed data obtained so far is polyphase filtered using an 8 tap FIR filter [253]. The
output of the filterbank is an 18 bit fixed-point number. This is input to the biplex FF'T
block IP core [254], available from the CASPER signal processing library [255, 256].
A 4096 points FFT is performed resulting in a spectral resolution of ~ 30.5 kHz.
As the data to the FFT block is real-valued, the power spectrum is estimated by
computing the magnitude of the positive half of the spectrum. After the integration of
a programmable number of spectra, the power spectrum is presented to the subsequent
blocks for transmission to the DAQ. For example, if 1000 such spectra are summed,
the resulting integration time is ~ 32 ms.

The output spectra is recast as an Advanced eXtensible Interface (AXI) stream and
is written to a Block RAM (BRAM) through the AXIS BRAM WRITER IP block [257].
Once the spectrum is written into the BRAM, a finished signal indicating this is
asserted and posted to the sts register.

The FPGA present on-board provides access only to the PS Ethernet, therefore the
transfer of data to the DAQ is mediated by executing a C code on the PS. The sts,
cfg and AXI BRAM READER provide memory mapped access to the PL. cfg register is
used to provide a master reset and configuration information to the PL. sts register
provides information on the BRAM address pointer and holds the state of the finished
signal. On the assertion of the finished signal, the PS starts reading the contents of
the BRAM. The BRAM data is packetized as UDP packets with packet and spectrum
count information and is transmitted to the DAQ using linux socket functions.

We characterize the developed spectrometer using continuous wave (CW) and SN
signals. For the CW tests, signals at different frequencies and different powers are
fed to the system and recorded. These tests are carried out to estimate the SNR of
the spectrometer at different frequencies and to identify the linear regime. The power

measured by the FFTS is found to linearly vary with the input power.

6.3.2 Real time data recorder (RTDR)

The FFTs discussed thus far, provides a simple and compact measurement option for
SNS. In scenarios where the SN signal is short lived in time, a real time triggered data

acquisition and processing protocol is required.
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Table 6.1: The different options available in the RTDR firmware.

Option Description
baseband Records signal in dc-625 kHz base-band; LO is disabled
IF Records signal in an IF band spanning from f;, to fj, + 625 kHz
: Records a signal burst for a programmable predefined time on rising
triggered .
edge of trigger pulse
continuous Records data continuously

We developed a low bandwidth, raw voltage recorder. In Fig. 6.3, we show a top-
level block description of the same. Table 6.1 outlines the various options available
in the data recorder. Here, we use both the input channels, where one is from the
BPD and the other is a signal generator (BK PRECISION Model no. 4040B), which
is used as the local oscillator (LO). The IF signal is usually close to dc and tracking
the variations in the former using the master clock operating at 125 MHz would result
in sub-optimal usage of resources. Hence, we use a cascaded integrated comb (CIC)
filter for down-sampling the signal [258, 259]. When the factor by which the signal has
to be down-sampled is large, CIC filters, used as a front end for FIR filters result in

decreased number of filter taps required for anti-aliasing.

The data from the multiplier as it enters the CIC filter is at 125 MSPS. This is
decimated by 50, resulting in a data rate of 2.5 MSPS at the output of the CIC filter
and an aggregate data rate of 1.25 MSPS after the FIR filter, resulting in a base-band
data of 625 kHz.

We use four counters in the firmware for timekeeping purposes: a trigger counter
(TC), a free running counter (FRC) at 125 MHz rate, a over- flow counter (OC) and a
packet counter (PC). The TC keeps track of the triggers received by the RTDR, while
the FRC keeps track of the time since the power on. The 32 bit OC counts the number
of FRC overflows. These counters allow us to obtain the time between two trigger
events and also its occurance instances since the start of acquisition. The PC helps us

to ensure no data was missed during packet framing and transmission.

The data, along with the counter values, is written to a BRAM and read out by
the PS and transmitted using ethernet.

CW signals at various frequencies within the 0-62.5 MHz band were injected at
different power levels from -90 to 10 dBm. As shown in Fig. 6.4, the output power

scales linearly with the input power, irrespective of the frequency.
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Figure 6.3: Firmware description of the triggered raw voltage recorder. The dotted
blue lines represent the flow of control signals and status signals to and from the
memory mapped AXI registers. The green blocks represent signal processing elements
of the design.

6.4 Electromagnetic interference (EMI) and its miti-

gation

The ambient EMI can hinder the detection of weak signals. Some common sources
of unavoidable EMI are 50/60 Hz AC lines, switching regulators and LO harmonics.
Strong EMI affects the dynamic range of the receiver system at frequencies < 1 MHz.
EMI can be mitigated during pre- and post-processing stages. We describe the tech-

niques adopted, during these stages of EMI mitigation, in this section.

During our measurements, we found that the strong 50 Hz AC signal and its har-
monics were getting coupled into the system through the AC adapter of the FPGA
evaluation board. To overcome this, we replaced the power adapter with a commer-

cially available battery-bank of similar specifications.
A second prominent source of EMI were the switching circuits associated with the
magnetic coil current driver. This gave rise to strong peaks in the low frequencies.

The SNS setup is located in a laboratory environment with multiple sources of EMI.
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Figure 6.4: Characterization of the DRS (in both RTDR and FFTS modes) with
signals of various power fed across the frequency range of operation. The '+’ markers
indicate the data and the solid lines represent the first order polynomial fits. The
bottom plot shows the residuals. The black dashed lines encompass the linear range of

the DRS.

Therefore, we custom designed a mild-steel enclosure for the DRS. In Fig. 6.5 we
show the significant mitigation of EMI by ~ 20 dB after adopting the aforementioned
schemes. We performed further processing on the archived data to excise low-level
narrow-band and impulsive broad-band EMI [260, 261]. For EMI that was stationary
in frequency, we used a combination of background and median subtraction. Impulsive,
broadband EMI, when present, was clipped from each channel when its value exceeded
the 30 threshold.

6.5 Results and Discussions

Our experimental set-up is shown schematically in Fig. 6.1. A uniform transverse
magnetic field (B) was produced by the current flowing through a pair of magnetic
coils in Helmholtz configuration. The signal from the BPD was recorded either with
our digital receiver system (DRS) or a commercial spectrum analyzer (SFSA) for the
purpose of performance comparison.

In Fig. 6.6, we show the SN spectrum of Rb atomic vapor with B, ~ 5.1 G
obtained using SFSA (top panel) and the FFTs (bottom panel). These sets of data
were recorded under similar experimental conditions. In each of the panels, we observe
two peaks appearing at ~ 2.4 MHz and ~ 3.6 MHz corresponding to SN signal due
to ®Rb and ¥ Rb, respectively. The RBW of the SFSA has been kept the same as
the channel width of the FFTs which is 30 kHz. The integration time for the SFSA
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Figure 6.5: The effect of EMI on the measured spectrum (green trace) and after its
mitigation (blue trace). The effect of EMI mitigation is clearly visible through the
absence of spikes and a reduction in the noise floor by ~ 20 dB in the blue trace.

to obtain the data presented in Fig. 6.6 (top panel) is 45 seconds whereas the same
for the FFTs presented in Fig. 6.6 (bottom panel) is 10 seconds. In both the cases
the spectrum is background subtracted and normalized to it’s peak value. The SNR of
the SN signal is defined as the ratio of the strength of the strongest signal to the rms
value of the background signal. The background signal is obtained by recording the
SN signal at zero magnetic field. Comparing these two spectra, we note that the SNR
for the DRS is more than an order of magnitude better than that for the SFSA for the
same integration time. This improvement in the SNR along with the fact that our DRS
is light weight, portable, low-cost, low-power (< 10 Watts) consuming as compared to

a commercial SFSA| makes it preferable for both laboratory and field measurements.

Since the SN spectrum peak position is the Larmor frequency vy, by precisely
measuring the peak position of the spectrum we can estimate the strength of B, .
Therefore, this measurement technique can be used as a precision magnetometry tool.
Since the developed DRS described in this chapter is easily field deployable, it can have
application in constructing a robust miniaturized magnetometer. As an example, the
SN spectrum recorded at various magnetic field strengths are shown in Fig. 6.7. By
fitting a Lorentzian to the individual spectrum, we can estimate the Larmor frequency

and in turn, the magnetic field.

Another advantage of using this DRS is that the device is re-configurable, which
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Figure 6.6: Spin noise (SN) spectrum acquired from SFSA (top panel) and FFTS
(bottom panel). Note that the SNR is ~ 50 for the FFTS for an integration time
5x lower than SFSA. These two spectra were recorded under the same experimental
conditions, at B, ~ 5.1 G.

enables triggered real time measurements of the SN spectra. In Fig. 6.8, we show
an example of real time data acquisition. In each of the four panels we show SN
spectrum obtained using our DRS with an integration time of as low as 100 ms after
the TTL trigger pulse. The magnetic field strength was also changed after each trigger
pulse. Hence, we can sample the magnetic field with a time resolution of 100 ms. The
integration time of the data shown in Fig. 6.8 is 100 ms and the corresponding spectral
resolution is &~ 610 Hz resulting in an SNR ~ 5. Whereas for the data shown in Fig.
6.7 the integration time was 1 s and the spectral resolution was 30 kHz, hence an SNR
~ 15.

For testing and verification of the triggered mode acquisition, we generated an
external trigger T'TL pulse from a function generator and fed this into a SMA-to-GPIO
board, which was connected to the Red-Pitaya using a ribbon cable and connector
assembly. For this, the acquisition time was set to &~ 100 ms. The trigger rate was =
10 per minute.

The output from the BPD is fed to the DRS. The triggered acquisition works as
follows: (a) The FPGA waits for a rising edge on the trigger input port, (b) On the
rising edge of the trigger input, a dv signal is asserted, upon which the BRAM starts

to store the data, (¢) Once 256 such samples are written, the data is packetized and



130 Magnetometry using SNS technique

W
tn

—144G

w
T
I

o
tn

[\®]

Relative Spin Noise Power (dB)
[y
W

1
0.5
0
_0.5 l 1 1 1 1
2 4 6 8 10
Frequency (MHz)

Figure 6.7: Background subtracted spin noise (SN) spectra measured for different
magnetic field values. The error in the measurements are ~ 0.02 G, which is limited
by the spectral resolution ~ 30 kHz of the FFTS.

transferred to the DAQ server. The trigger count and an absolute time stamp is

included in the header data of the Ethernet packet for assisting in data analysis.

Another application of using this device is the temporal and spatial correlation
measurements in a system with laser cooled atoms and ions. Intrinsically the correlation
signals are expected to be extremely narrow in frequency domain and are promising
candidates for various quantum technology applications. However, the measurement
duration is typically limited to few milliseconds. Therefore, it is difficult to perform
the SNS in cold atoms using traditional SFSA and therefore the DRS emerges as a
promising candidate for this purpose. Also, since in the RTDR configuration, the DRS
records the voltage samples directly, it gives us the flexibility to achieve high frequency

resolutions, which is only limited by the timing jitter of the on-board clock.

The DRS in the RTDR mode, allows for a minimum time resolution of 800 ns when
the data is treated in its raw form. When spectral analysis is carried out with a N point
fourier transform, the channel width and the time resolution is % and N x 800 ns,
respectively. Therefore, when the signal is inherently strong, higher time resolutions
can be obtained at the cost of reduced frequency resolution. However, for intrinsic
SN signal from atomic vapor, the SNR deteriorates for shorter integration times which
affects the precision of the measurements. Therefore, for the purpose of demonstration,

we integrate the SN signal for 100 ms time window and obtain a precision in measured
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Figure 6.8: Spin noise (SN) spectrum at various magnetic field strengths from the
RTDR. These series of spectra has an SNR & 5, and the peak positions can be deter-
mined within an accuracy of ~ 5%.

magnetic field of the order of 800 uG.

To demonstrate the response of the detection system to fast varying magnetic fields,
we conducted an experiment [17], where we added a coherent drive [232] using a pair
of Raman beams, which enhanced the SN signal strength million fold, improving the
SNR. We then varied the magnetic field from 3.35 G to 3.85 G, synchronously with
the coherent drive field frequency (i.e. d12), and recorded the signal using the DRS.
The results from this experiment is shown in Fig. 6.9, where each pixel along time and
frequency axis is &~ 800 pus and 610 Hz, respectively. We see that the DRS simultane-
ously tracks the “step” changes in the magnetic field, as well as its drifts in milli-second

timescales.

We highlight that a time resolved measurement of magnetic field has applications
ranging from geophysics [262] to physiology [263, 264]. The time stamp contained in
the received data (see section 6.3), can be used to determine the absolute time variation

of the magnetic field strength.
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Figure 6.9: Waterfall plot of the DRS output when the magnetic field was swept
from ~ 3.35 G to 3.85 G. We have synchronously varied the coherent drive frequency
(see text). The yellow patches represent the spin noise signal in the time-frequency
plane, the green dashed line is a fit to the centroids of the yellow patches and its slope
indicates the rate of variation of the magnetic field in time.

6.6 Conclusions and outlook of this chapter

We present the development of a software defined digital receiver system (DRS) with
two operating modes for spin noise spectroscopy (SNS) experiments. We also show
the applicability of the SNS technique in precision magnetometry and measure fast
temporal variations in the magnetic field using DRS system. This device is fully re-

configurable.

The FFTs mode allows for user programmable integration times. The RTDR mode
is specifically developed for studies of spin noise (SN) signals from cold atoms and for
fast varying magnetic field measurements. Such a mode, where high time resolution
voltage data can be recorded, does not exist in SFSA. The FFTs can also be used
to supplement the RTDR mode as follows: using the FFTs, the user will be able to
explore the spectrum over a wide range of frequencies and once the peak location is
known, the RTDR can be used to obtain a time-frequency resolved picture of the signal

of interest.
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Future directions for the system development include using a DDS core which can
internally generate the LO signals to facilitate a two channel implementation, replace
the DAQ computer with a ARM based microprocessor system viz. Raspberry Pi for
system miniaturization.

The receiver described in this chapter is developed to be a part of a compact,
portable SNS magnetometer. While we have demonstrated the application of the dig-
ital receiver using the SNS experiments, it can be easily adapted for use in other

experiments as well.
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Chapter 7

Laser cooling and trapping of neutral

atoms for spin dynamics studies

Primarily, the main objective of this thesis work was to develop a non-invasive and
spin-sensitive imaging technique for ultra-cold quantum gases and molecular systems.
Quantum gases are a clean and isolated system that provides ideal testbeds for ex-
ploring a wide range of fundamental physics. Since the observation of Bose-Einstein
condensation (BEC) in dilute atomic vapor [265, 266|, quantum gases have been used
as a tool to create and study the controllable analogs of a wide variety of physical
systems. This ranges from simulating various condensed matter Hamiltonians to un-
derstanding the fundamental interactions in the universe. The following Fig. 7.1 tries

to capture the intersection of this field with other areas in physics.

Quantum gases exhibit properties that cannot be observed in a classical gas. The
large de-Broglie wavelength of constituent particles compared to inter-particle sepa-
ration causes overlap of wavefunctions and particles start to obey different statistics
depending on their spin. This now allows one to mimic real physical systems in which
these statistics are obeyed. The reason to mimic those systems with quantum gases is
the precise control that can be exerted over the various experimental parameters using
quantum gases. Another point is the time scales associated with various processes
which might be very short in real systems and might not be controllable in real-time.
These observations make quantum gases an ideal testbed to investigate physical phe-

nomena covering large temporal and spatial scales.

135
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Figure 7.1: Quantum gases as an emerging interdisciplinary research field.
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Quantum simulation [267-270| of a physical system is achieved by building another
system that follows a model reproducing the same physics as the physical system. A
good example is the Hubbard model which describes the system of interacting particles
in a lattice. A quantum simulator of this model is the system of ultracold atoms in an
optical lattice which can now be used to study the physics of interacting particles in a
lattice. On these ideas, there has been immense progress in simulating a wide variety of
physical systems. Comprehensive reviews of quantum simulation with ultracold gases
can be found in [271-274].

However, in this chapter, we will discuss the laser cooling and trapping technique of
neutral atoms to cool down their temperature in the range of 100’s of K. The atoms are
trapped inside an ultra-high vacuum chamber using multiple laser lights and spatially
in-homogeneous magnetic fields. This technique is known as a magneto-optical trap
(MOT). This is the pre-cooling stage of neutral atoms to achieve the quantum gases
in the temperature range of nK regime. In the following, we briefly describe the basic

concepts of laser cooling and trapping [275-284| technique.
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7.1 Doppler cooling of neutral atoms using laser light

Laser cooling uses the momentum associated with photons to decelerate atoms by
shining laser beams that are red-detuned with respect to a particular atomic transition.
For an atom moving in the opposite direction to the light propagation, the Doppler
shift can compensate for the detuning and the atom can see the light resonant with the
atomic transition. This leads to an increase of photon scattering rate, thus giving a
retarding kick to the atom. The atom excited by photon absorption soon decays to its
ground state by spontaneously emitting a photon in a random direction. Iterations of
this preferential absorption of photons counter-propagating to atomic motion followed
by spontaneous emission in random direction lead to a net deceleration of an atomic
motion.

As shown in Fig. 7.2, if the absorbed and emitted photons have momentum Ak and
hk', respectively, then the average change in atomic momentum after N fluorescence
cycles is Nhk because the average of hk’ is zero. This change is in direction of the
absorbed photon which is opposite to atomic motion, hence the atom experiences a
damping force. The damping force (i.e. rate of momentum change) is given by [284,
285]:

F =hk R..(I,9), (7.1)
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Figure 7.2: The schematic of the Doppler cooling mechanism.

where Rg.(I,0) (called the scattering rate) is the net absorption rate which is equal
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to absorption rate minus stimulated emission rate. [ and § are the intensity and
detuning of the laser, respectively. In the above case of a two level system, Ry.(1,9)

can be written as [284]: Rs.(I,d) = v x fraction of atomic population in excited state

S0

Y
Ru(1,6) = 3 T (7.2)
1+ So + (—>
Y

where 7 is the natural line-width of the excited state and so (= I/Is) is the

saturation parameter of the atomic transition. Iy, is the saturation intensity for the
corresponding atomic transition of the atoms. § = w — wy is the detuning of the
laser from the related transition, where w and wqy are the laser and atomic transition
frequency, respectively. Therefore together with Eq. 7.1 and Eq. 7.2, the damping force
is

F =lk x 2 %0 . (7.3)

2 20\ 2
1+50+ —
v

In the above analysis, only one laser beam was considered which damps the motion

of atoms only opposite to beam direction. For damping velocities parallel or antiparallel
to a given direction, two oppositely directed beams are required. To cool atoms moving
in 3—D, three mutually orthogonal pairs of counter-propagating beams along each of
the x,y, z axes are required. Such an arrangement as shown in Fig. 7.3 (b) is called

optical molasses (OM).

\I/ \\lt/x
y x \ /
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(a) Cooling in 1-D (b) 3-D Optical Molassses

Figure 7.3: The laser beam configuration for 1-D and 3-D optical molasses (OM).

As shown in Fig. 7.3 (a), an atom moving along the x axis receives separate forces
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from two oppositely directed beams on the x axis, giving a net force of [284]:
F,=F,+F_, (7.4)

where F refers to the force from the laser beam propagating in the + x direction.

At low velocities (v), where |k - v| < v, the net force is:

F,.=F, —F_
= F(w—wy — kv) = F(w — wo + kv)
oF oF 7.5
~ F(w—wo)—]ﬂ}a—w}—|:F<W—WO)+kUa—w ( )
oF
= —2kv—.
Y ow
This is a damping force of the form:
F, = —aw, (7.6)
where a = ng—f. Using Eq. 7.3, the expression for « is
—26
a = 4hk2s, al 2] . (7.7)
(1 + 50+ (25/7)2)

In Eq. 7.7 we can as well ignore sq in the denominator, because the above treatment
holds for sy < 1. Also for a damping force, we require a positive value of o and hence
a red-detuning (i.e. § < 0). At low intensities, the damping force is largest when
d=—v/ v/12, but this is not the detuning at which the lowest temperature is achieved,

as we shall show below.

7.1.1 Doppler cooling limit

The random nature of the spontaneous emission gives a random recoil to the atom
after each emission. Also, the atom does not absorb the same number of photons in a
given time interval 6t. The fluctuations imposed onto the atomic motion due to these
uncertainties cause a random walk of the atomic velocity on top of the damping in
OM. This competition between diffusion and damping culminates into a steady-state
velocity for the atoms. This limits the minimum achievable temperature of the Doppler
cooled atoms.

To find a mathematical expression for the Doppler cooling limit we have to equate
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the heating and cooling rates at steady state condition of the system. The cooling rate
due to damping is [284, 285],

E
(Cil_t) 1. =F.-v=—-a (7.8)
cooling

where we are considering the 1—D case of two counter-propagating beams along
r—axis. The heating rate associated with the repeated absorption and emission of

photons is,

dE 1dy,\ _ D,
(%)h =) = 9
eating

where m and p, are the mass and instantaneous momentum component of atom, re-

spectively. D, is the momentum diffusion coefficient. On solving for vZ, we get
vy = ——. (7.10)

The corresponding temperature (77) can be calculated by equi-partition theorem as,

D (7.11)

1 1
kT = —mv? =T =
2 B mU:L' akB Y

2

where kp is the Boltzmann constant and m is the mass of the atom. Thus, the
limiting temperature is achieved by minimizing the ratio of D, to a. To calculate
Dp, we analyze the random walk of the atomic velocity which prevents the atom from
coming to a complete standstill.

In a given time ¢ an atom scatters a mean number of photons N given by, N =
Rt. A random walk of N steps gives a mean displacement proportional to v/N,
or equivalently the mean square displacement equals N times the square of the step
length. Of course, we have assumed Poissonian statistics.

Considering motion along z—direction only, spontaneous emission causes the mean

square velocity to increase as [284],

<U§> = N7y0? = Ny Rec V2 1. (7.12)
spont

The factor 7, = (cos?§) represents the contribution of spontaneous emission along
xr—direction which depends on cos?§. Here 6 is the angle between the x—axis and
direction of emitted photon. In the case of two counter-propagating beams, for isotropic

spontaneous emission we have n,. = 1/3.
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The fluctuations in absorption also cause a similar heating as above but without

the factor 7., because all absorbed photons have the same direction. So,
<U§> = Nv? = Ry v2t. (7.13)

Although the above absorption was considered from a single laser beam, however,
in the case of two counter-propagating beams, the effect of fluctuations is cumulative
and the atom performs a random walk along the laser beams. To account for two
counter-propagating beams, we change R,. — 2R..

Finally in the 3—D case of three mutually orthogonal pairs of counter-propagating
beams, the above analysis still holds with the modification n,. — 37, assuming that
an atom scatters photons three times faster than in a single pair (this neglects any

saturation). The net velocity due to heating is then,

<U§> — (14 30,) 02 (2R
total

(7.14)
=402 R, t.
The momentum diffusion coefficient can now be calculated as:

1d 1 d
D — __< 2> _ - 2_< 2> — 2m2v? R,,. 7.15
P oa\Pe/ T 2 g\ U (7.15)

Therefore the expression for temperature,

D 2m?v? (R

T — 2P _ L 7.16
Oék'B k‘B ( (0% > ( )

Using Eq. 7.2 and Eq. 7.7, we get the expression for temperature,

M <1+30+ (25/7)2) (7.17)

8kp o/
The temperature is minimum when 6/ = —1/2 and for sy < 1,
hry
Toin = = 7.18
e (7.18)

So far we have discussed the Doppler cooling mechanism and the minimum achiev-
able temperature T,,;, of two-level atoms in presence of three pairs of co- and counter-
propagating laser lights. However, multilevel atoms, such as alkali metal atoms con-

stitute many ground and excited hyperfine levels, and multiple dipole transitions can
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possible due to the Doppler effect. Moreover, the degenerate Zeeman states within
the ground hyperfine levels experience dissimilar light shifts due to the interactions
with the laser beams. This permits the atoms to cool further down below Doppler

temperature, and this is known as Sub-Doppler cooling mechanism [286, 287].

7.2 Principle of magneto-optical trap

The cooling techniques discussed so far although damp the atomic motion, but cannot
trap atoms in space. The reason is that velocity-dependent force can only confine the
atoms in momentum space (i.e. cooling). To confine atoms in position space, position-
dependent force is required. The combination of both forces achieves cooling as well
as trapping for the atoms. A routine technique employed for this purpose in cold atom
labs is the use of a magneto-optical trap which uses the multilevel structure of atomic
energy levels to create a position-dependent force along with a damping force.

As shown in Fig. 7.4 (a), a MOT consists of the optical molasses arrangement
(with ot — 0~ polarizations) in addition to a pair of magnetic coils carrying current
in opposite directions (in anti-Helmholtz configuration). This pair of coils creates a
quadrupolar magnetic field with the net field zero at the center between the coils and
linearly increasing for small distances away from the center. The resultant magnetic

field (near to the center) of the coils can be expressed as:
B(z,y,2) = V(zi +yj — 222), (7.19)

where b’ is the magnetic field gradient.
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Figure 7.4: (Left) the propagation direction and polarization of the laser beams and
the magnetic coil configuration for 3-D optical MOT. (Right) the basic principle of the
1-D MOT.
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To explain the trapping force, we consider a simple atomic transition from J = 0
to J = 1. In presence of magnetic field given by Eq. 7.19 the excited state J = 1 splits
into Zeeman states m; = 0, £ 1 whose degeneracy is lifted (as shown in Fig. 7.4 (b))
according to the relation

AE = gyupm;B, (7.20)

where, g; is the Landé factor of level J. Now, consider an atom at the MOT center
moving along r—axis. As it moves towards = > 0, the transition J =0 — J =1,m ; =
1 comes closer to resonance with the red-detuned o~ light. For x < 0, the transition
J=0—J=1,m;=+1 comes closer to resonance with the red-detuned o light. So
the atom is always pushed back to center due to the light scattering. Note, however,
that the forces exerted by the beams have not lost the velocity dependence, rather an
additional position dependence (linear) has emerged. Thus the system now resembles
a damped harmonic oscillator.

The mathematical formulation of MOT can be done similar to Doppler cooling in
Eq. 7.21 with the addition of Zeeman shift along with Doppler shift. The force equation
for MOT can therefore be written as [284, 285],

F,=F,+ — F,-
= F(w— (wy + fz) — kv) — F(w — (wo — Bx) + kv)
oF OF (7.21)
~—2kv—+20r—
Y Ow + Ba: 8&10
oF OF
=—-2kv— —20x—.
Y e Pz ow
In last the step we used the fact that since force depends on detuning, so g—i = —g—i.
Also the term [z is the Zeeman shift of energy at position x. The expression for Sz is
given by,
gspp dB
= — . 7.22
o === - (7.22)

7.3 Experimental set-up for MOT

In our laboratory, we have the option to capture both the rubidium isotopes in MOT
once at a time by tuning the frequency of the relevant trapping lasers. So far we
have discussed the principles of MOT for two-level atoms. However, the alkali atoms
have multiple hyperfine levels in the ground and excited states due to the hyperfine
interactions. The relevant energy level diagram for Rb atom is shown in Fig. 7.5 (a).

Therefore the requirement of the trapping laser beams, as well as the Doppler cooling
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limit, has been modified due to these multiple energy levels of the atoms.

In Fig. 7.5 (a), the cooling laser beams connecting the cyclic transition 554 o, F' = 3
— 5P3)9, F' = 4 (D,) transition (detuning = —27) are used for slowing down the atom’s
velocity. However, a small fraction of atoms can also get excited to the other hyperfine
levels such as F/ = 3 and F’' = 2 with reduced probability. After the spontaneous
emission, some of these atoms gather into the ground F' = 2 hyperfine levels depending
on the branching ratio of the related transitions. These atoms (in F' = 2 level) are
lost from the cooling cycles since the ground hyperfine separation is much higher than
the Doppler shift at the room temperature and they are no longer excited by the
cooling beams. To participate those atoms in the cooling cycles, another laser beam
co-propagating to all six directions along with the cooling beams is used to transfer
them into the F' = 3 level through optical pumping. For this purpose we have used
another laser beam, called “repumper beam” generated from an independent ECDL

and the frequency is chosen to resonance on the 551/2,F =2 — 5P, F' =3 (Dy)

transition.
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Figure 7.5: (a) The relevant energy level diagram and frequency of the cooling,
repumper, and imaging beam to trap (in MOT) and detect ®Rb atoms. (b) the
saturation absorption spectroscopy (SAS) setup for frequency locking of the relevant
lasers. (c) depicts the schematic of the optical arrangements for MOT.

We have used Doppler-free saturation absorption spectroscopy (SAS) [147] as a




7.3 Experimental set-up for MOT 145

frequency reference for locking the laser on a particular atomic transition line for both
the cooling and repumper beams. The experimental arrangements for SAS is shown
in Fig. 7.5 (b). The details of the SAS of Rb atoms are discussed in Appendix A.
We have modulated the laser frequency at 2.4 kHz using the lock-in amplifier module
which generates the dispersion-like error signal. Using the PID controller, we lock the
laser frequency on the atomic transition line. The stability (below 500 kHz) of the laser
frequency after locking is much better than the excited level line-width (~ 6 MHz) of
the Rb atoms. The detuning and intensity of the cooling and repumper laser beams are
controlled using AOMs and wave-plates. The arrangement of the cooling and repumper

laser beams for MOT are shown in Fig. 7.5 (c).

The fiber coupled laser beams are expanded to have a Gaussian waist diameter of
8 mm and combined in a non-polarizing cube beam splitter. Thereafter, the combined
cooling and repumper beams are split into three pairs of beams using a combination of
half-wave plates and polarizing cube beam splitters. Each of the cooling beams is sent
through the UHV glass cell (pressure ~ 1071% mbar) and retro-reflected via a quar-
ter waveplate and a mirror. The incoming cooling beams are kept slightly converging
to account for the losses in the optical elements and to ensure that any radiation-
pressure imbalance between the incoming and the retro-reflected beam is eliminated.
The restoring force required to confine the cold atoms is provided by a pair of current
carrying coils in a near ideal anti-Helmholtz configuration. The magnetic field gradient

generated by the anti-Helmholtz coil is separately measured using a Hall probe mag-

dB,
dz

is around 2.9 G/cm/A, and we have used 8—12 A current for various measurements

netometer. The (axial, ) magnetic field gradient used for making the cold atoms
reported in this thesis. This is the traditional method to trap the neutral atoms inside
an ultra-high vacuum chamber. Another laser beam, called an imaging beam, is used
to probe the size and atom number of the trapped atomic cloud. The frequency of
the imaging beam is chosen on-resonance to the cyclic transition i.e. 55/, F' = 3 —
5P5)5, F' = 4 (D,) line as shown in Fig. 7.5 (a). Here, the frequency of the laser beams
is shown for the trapping of neutral 8Rb atoms, however, in the same experimental
set-up ®"Rb atoms can also be trapped by tuning the laser frequency to the related
transition corresponding to the ’Rb atom. Using time-of-flight (TOF) and in-situ ab-
sorption imaging techniques, we measure the characteristic parameters (atom number,

temperature etc.) of the cold atoms.
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7.4 Detection techniques

Most of the quantitative measurements with the cold atoms in our experiments are done
using absorption and fluorescence images of the atomic cloud. The number of trapped
atoms, size of the atomic cloud, and the temperature - the three most important

quantities relevant to our experiments are measured using these imaging techniques.

7.4.1 Fluorescence imaging

Alkali atoms have low optical saturation intensity and hence high photon scattering
rate when subjected to near resonant radiation. The fluorescence emitted by trapped
atoms can be used to find the size of the atom cloud and the number of atoms trapped
in MOT. The number of atoms in the MOT can be determined using

1
G Rs.(1,6)QsnT an (7.23)

)

where G is the gain of the camera, R,.(I,¢) is the photon scattering rate per atom,
(2, is the imaging solid angle within which the scattered photons are collected, 7 is the
quantum efficiency of the camera chip, 7 is the exposure time of the camera and n, ;
is the number of counts at pixel labeled by pixel position (i, 7). The photon scattering
rate per atom is given by Eq. 7.2.
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Figure 7.6: The arrangement of the lens used for fluorescence imaging of magneto-
optically trapped ®Rb atom.

The background trapping lights can also fall onto the detector chip and thus con-
tribute to the counts n; ;. we eliminate this by taking two separate images: one with
MOT cloud and the background lights, and the second only with the background lights
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after switching off the trapping magnetic fields. Subtraction from the first to the second
gives the contribution of only MOT atoms.

The arrangement of the optical components for fluorescence imaging of magneto-
optically trapped 8°Rb atom is shown in Fig. 7.6. l-inch diameter and 25 cm focal
length lens is placed at 25 cm below from the position of MOT cloud. The fluorescence
emitted by the trapped atoms is captured by the first lens and then subsequently
collected on another 1 inch and 10 cm focal length lens as depicted in Fig. 7.6. The
collected fluorescence light in the second lens is then allowed to fall on an ICCD camera
and computer for further image processing. A typical fluorescence image of ~ 107

magneto-optically trapped atoms is shown in Fig. 7.7.

Figure 7.7: Typical fluorescence image of ~ 107 magneto-optically trapped %°Rb
atoms. For this background subtracted image, the detuning of the cooling beam is
—12 MHz, axial magnetic field gradient is 30 G/cm and exposure time of the camera
is 20 ms. The total power of the cooling beams are 14.5 I,y and repumper beams are
1.8 I.,+. The dimension of the frame is 6 mm x 6 mm.

The cloud size and the number of captured atoms in MOT are varied with various
experimental parameters such as cooling and repumper beam power, cooling beam
detuning, trapping magnetic field gradient, etc. In the following, using fluorescence
imaging, we study the number of trapped atoms in MOT as a function of cooling beam
detuning (in terms of /) and axial magnetic field gradient which is shown in Fig. 7.8
as a false-color map. In this measurement, we have fixed the cooling and repumper
beam power to be 14.5 I, and 1.8 I, respectively. The repumper laser is locked on
the F' =2 — F’ = 3 repumper line. For a particular magnetic field gradient, we have

varied the detuning of the cooling beams using AOM and recorded the fluorescence
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and background images in each of the detunings of the cooling laser. We have repeated
and recorded the same measurements in a wide range of the magnetic field gradient.
We have estimated the trapped atom numbers using the formula shown in Eq. 7.23 for
each value of magnetic field gradient and detuning of the cooling beams.

As shown in Fig. 7.8, the maximum trapped 8°Rb atoms in our cold atom machine
is around 2 x 107 for cooling beam detuning of around § = —2.5y and axial magnetic
field gradient of around 40 G/cm. The MOT cloud is usually a source of dilute cold

atomic samples and in our system, the density of atoms is measured to be ~ 10 /cm?.
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Figure 7.8: 2D false color plot of trapped MOT atom numbers as a function of
detuning of the cooling beam (0) and the trapping magnetic field gradient. The power
of cooling and repumper beams are similar as mention in Fig. 7.7.

7.4.2 Absorption imaging

Methods. Absorption imaging technique is the most reliable method to measure the
size, atom number, and temperature of the cold atomic cloud. However, the experi-
mental sequences are different for the measurements of these quantities which will be

discussed in the following section.
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The absorption imaging technique relies on imaging the shadow of the cold atomic
cloud on a weak, linearly polarized, and resonant light beam passing through the cloud.
When the imaging laser beam (tuned to 5512, F' = 3 — 5P5)5, F' = 4 (D;) transition)
is sent through the ®Rb cold atomic cloud, a shadow is cast on the detected profile of
the imaging beam due to the optical absorption. In this method, the imaging beam is
expanded to a much higher Gaussian FWHM in comparison to the dimension of the
MOT cloud to avoid the variation in the intensity profile of the image beam in the region
of the MOT cloud where they interact. Note that, the imaging beam is on-resonance
to an atomic transition line and therefore this detection technique is destructive. The
absorption imaging technique, in general, does not capture the dynamical information

as well as microscopic behavior of the trapped atomic cloud.

In this technique, first, the trapping lasers such as cooling and repumper beams and
the trapping magnetic fields are switched off. As a result, the atoms start falling under
gravity, and simultaneously the atomic cloud also expands ballistically. It is during
this fall that the imaging beam is pulsed at the atoms for a short duration of time.

This is called time-of-flight (TOF) absorption imaging,.

Basics of the light absorption by atoms. Let us consider a weak laser beam
with intensity I, and frequency w is propagating through an atomic medium. The
transmitted intensity of the laser beam can be written according to Beer-Lambert’s

law as
2

f)/
—0.D.
I(w) =Iye” Caoeg — ¢ 4(w —wo)? + 72 (7.24)

Y

where o4 is the absorption cross-section. Cy and O.D. are the column density and
optical density, respectively of the atomic cloud integrated along the laser beam prop-

agation direction. These parameters are calculated using the following formulae:

32

Coom

(7.25)

Oeg

Cq = /ndx, (7.26)

(w —WO)2 +’)/2 _ ln( Io >4(w —w0)2 ‘|—’72
72 I(w) ok '

Where A is the wavelength (780 nm) of the laser. Here, n is the density profile of the

atomic cloud and the probe beam is considered to propagate along xz—direction. At

0.D. = Cyo, (7.27)
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resonance (i.e. w = wy), Eq. 7.27 can be written as,

ch.::cgaq,:1n<jé%5>. (7.28)

According to Eq. 7.28, the column density of the atoms can be written as,

c, = 9D (7.29)

Ocg

Absorption Imaging technique. To calculate the O.D. profile of the MOT cloud,
we have to measure the ratio of Iy/I(wp) when the imaging is on-resonant. The ratio
Iy/I(wo) can be measured by taking a ratio of the intensity profiles of the imaging
beam without and with the absorbing atomic cloud. For this purpose, two images on
the CCD camera are required. First, an image is taken with the atoms in the probe
beam (let us call this image as Output) and after allowing the atomic cloud to fall out
of the field of view of the probe beam another image is taken (let us call this image
as Input). All images are taken with cooling beams, repump beams and the magnetic
field switched off.

In practice, this way of finding relative transmission and hence the optical density
is prone to error since the scattered light falling on the CCD camera at the time of
taking these two images and the electronic noise (dark-current in CCD) are not taken
care of. Therefore, we take three frames. The first two frames contain Output and
Input, respectively and the third frame is a dark frame (let us call this image as Dark)
where the camera is exposed for the same duration as in the case of the other two
frames, but the probe is not pulsed within this time window.

The resulting optical density is then obtained as,

Iy Input — Dark
OD.=In(——) =1 . 7.30
n<](w0)> " (Output — Dark) (7.30)

Note that, all the profiles i.e. Input, Output, and Dark are 2D arrays and thus
is O.D., with each element obtained by entry-wise execution of the above formula on

Input, Output, and Dark arrays.

Atom number measurement. From the O.D. array we can calculate the number

of atoms in the cold atomic cloud. The number of atoms N can be calculated using,

A
N = :ﬂE .D. 31
/Cddydz oo 0.D,, (7.31)

pPiT
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where pix refers to pixels of the CCD camera and A,,, is the pixel area which is same

for each pixel.

Temperature measurement. To calculate the temperature of the atomic cloud we
perform a time-of-flight (TOF) measurement. For this, the delay between switching off
the MOT cooling beam, repumper beam, and the magnetic field and the first image
(i.e. Output) is varied. We set the delay for the first set of images to be 1 ms, then we
increase these delays in convenient steps say 0.5 ms or 1 ms for the subsequent sets.
We continue this till the time the atoms are still in the probe beam and we see a good
absorption. Note that, after each set of imaging (i.e. Input, Output, and Dark) the

MOT has to be re-prepared as this imaging technique is a destructive method.

Now for each imaging set, the O.D. array is found. The O.D. array is summed along
its rows to get a 1D row vector. Similarly, it is also summed along its columns to get a
1D column vector. Now we fit a Gaussian on both these row and column vectors (called
as z-direction and y-direction, respectively in the later discussion) independently. From
the fit, we get the value of Gaussian width for both vectors. This Gaussian width
increases if the atoms are allowed to fall for a larger time. It is because of the ballistic
expansion due to the kinetic temperature which increases the Gaussian width according

to the following formula,

2(1) = 02(0) + (’i‘; D) (7.32)

where 02 and T" are the Gaussian widths and the absolute temperature of the cold

atomic cloud.

Thus by performing a linear fit on the measured expansion of o2 of the MOT cloud
vs. t2, we can get the temperature of the atoms from the slope of the fit. Note however
that the above equation is written for the MOT atoms but we are working with the
MOT images. All lengths in the images are a scaled version of the real lengths in MOT
(by the magnification factor of the imaging lens system). So the modified equation for

the images becomes:

o2(t) = 02(0) + (M) 2. (7.33)

m

where o2 is the Gaussian width in images and «,, is the magnification factor of the

2

imaging system. Generally, o;

2 is obtained in piz?, so unit conversion must be done

carefully.
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7.4.3 Imaging system and set-up

The imaging lens system and detection set-up for absorption imaging technique are
shown in Fig. 7.9. For this method, we have generated an imaging laser beam from
the same cooling laser source and passed it through an AOM for frequency tuning.
After the AOM, the imaging beam is fiber-coupled for mode cleaning and sent through
a l-inch fiber collimator to get an expanded beam. The expanded imaging beam is
shown with the red arrow in Fig. 7.9. The frequency of the imaging beam is chosen
on-resonance (§ = 0) to the cyclic transition of ¥ Rb atoms to get maximum absorption
cross-section so that minimum power can be used to image the MOT cloud with good
SNR. We have chosen the frequency 6 = 0 of the imaging beam by performing an
absorption image experiment which produces the transmission spectra through the
MOT cloud in the vicinity of § = 0 as shown in Fig. 7.10.
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Figure 7.9: The lens system for absorption imaging technique magnification factor
(o) measurement. The expanded and on-resonant image beam after passing through
the MOT cloud is sent through the imaging lens set-up. The final is collected by
an ICCD camera. The data analysis has been performed using python programming
language.

In the absorption imaging technique, the most crucial factor is to precisely deter-
mine the magnification factor (a,,) of the lens system. In our set-up, the two lens
system gives a magnification factor of about 0.4. To measure this factor we design an

object in Inkscape (a graphics editing software) and print it on a transparent sheet.
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This object with various length scales is shown in Fig. 7.9. This imaging object is
first placed just in front of the camera while the absorption probe is ON. the shadow
cast gives the real dimensions of the object in pixels. This calibration is required be-
cause although in Inkscape we may design a length of 1 cm but there might be an
error in printing. Once we have calibrated our imaging target, we place it just in front
of the MOT glass cell (absorption probe entry side) and record its image. This im-
age is now formed by the lens and is magnified accordingly which gives the value of
the magnification factor. Since we get lengths in terms of pixels the measurement is

accurate.
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Figure 7.10: Variation of relative transmission of the imaging beam through the
MOT cloud with detuning (6§ = w — wp). The black dots show the experimental data
points and red solid line is the fit according to 7.24.

Ideally, this imaging target should have been placed exactly at the MOT position
to get the correct magnification value. But this is practically not possible, so we
instead take another measurement by placing the imaging target just after the MOT
glass cell (absorption probe exit side) and record its image. This gives us another
magnification factor. To approximate the magnification factor we take the average of
the two measurements at the probe entry and exit sides. The variation in magnification
factor (au,) also tells us about the quality of probe beam collimation, alignment of the
imaging system, etc.

In the experiments, an 80 pW imaging beam is pulsed for a duration of 100 us
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using the AOM that record the Input, Output, and Dark profile. A typical processed
absorption image (density profile) of the MOT cloud is shown in Fig. 7.11 in 2D color
map. From the Gaussian fit to the column density data, we have estimated the FHWM
of the MOT cloud to be around 4 mm.
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Figure 7.11: Representative O.D. profile. To calculate the 1D row density, we have
summed the 2D O.D. along its row. Similarly, it is also summed along its columns
to get a 1D column vector. The black solid line shows the Gaussian fit to the row
density as well as column density. The area under the fitted curve is proportional to
the number of atoms.

7.5 Characterization of MOT

To understand the performance of the cold atomic system, we have performed a few
characterization measurements. A complete characterization of the cold atomic sample
as a function of its various trapping parameters is necessary to carry out further exper-
iments with the cold atom. We have optimized those parameters to trap the maximum
number of atoms with a temperature close to the Doppler limit for the correspond-
ing isotopes of the Rb atoms. In this section, we discuss the trapped atom numbers
and temperature with cooling beam detuning using the absorption imaging technique.

Repumper beam power and detuning do not play a significant role when the power is
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chosen above some critical value (in our case > 1 mW). For a particular cooling beam
detuning, the variation of the number of trapped atoms with magnetic field gradient
is discussed in the fluorescence imaging section (see Fig. 7.8). We have also varied the
cooling beam power and detuning simultaneously (while the trapping magnetic field
is off) to perform sub-Doppler cooling on the trapped atoms. We have discussed the

optimum time required for efficient sub-Doppler cooling at the end of this section.

7.5.1 Number of trapped atoms with detuning
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Figure 7.12: Variation of number of trapped atoms with cooling beam detuning

measured using absorption imaging. The error bars represent 4 %a of five independent
measurements.

Trapped atom number

The variation of the number of trapped atoms with cooling beam detuning (6/7) is
shown in Fig. 7.12. The experiment is performed with an optimized (axial) magnetic
field gradient of 40 G/cm that has been verified in section 7.4.1. The cooling and
repumper laser beam power is fixed to 14.5 I;,; and 1.4 I, respectively. For each
detuning of the cooling beam, first, we get the column density of the MOT absorption
profile as shown in Fig. 7.11 and calculate the number of trapped atoms using the
formula given in Eq. 7.31. We have repeated the measurement in each detuning five
times and the average atom number with + %0 error bars are presented in Fig. 7.12.

This measurement is in good agreement with our fluorescence measurement results.
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7.5.2 Temperature measurement

MOT loadingtime (15 s) t, Camera and image

pulse sequence
Trapping magnetic
field

Cooling heam

Repumper beam 't. t,

B

- >

Figure 7.13: The time sequence for temperature measurement. The atoms are loaded
in MOT for 15 s. The magnetic fields and laser beams are switched off to allow the
MOT to ballistically expand and freely fall under gravity. t, is the free-fall time of the
atom cloud before getting hit by the first image pulse of duration ¢; = 100 us. Three
sets of images has been taken for the estimation of temperature of the MOT cloud.
ts(=1s) and t,(= 1ms) are the separation between two image pulses and the camera
gate time, respectively. In TOF measurement, ¢, is the time which is varied to probe
the ballistic expansion of the cloud at various time.

The temperature of the cold atomic cloud is determined from the kinetic expansion
rate after the release from MOT. One can measure this expansion rate by recording the
absorption images of the ballistically expand and free-falling MOT with the different
time intervals from initial time ¢t = 0. ¢ = 0 is the time when both the magnetic and
optical fields are switched off. For MOT clouds, the ballistic expansion is governed
by the thermal motion of the cold atoms. As we have discussed in Eq. 7.33, the
temperature of the MOT atoms can be calculated using the slop of o2(t) vs t* graph.
The dependence of o2(t) of the free-falling MOT cloud in terms of TOF is shown in
Fig. 7.14. The temperature of the MOT cloud is measured to be 132 + 4 uK after
fitting these data points with Eq. 7.33, and considering «,,, = 0.4.

Next, we vary the cooling beam detuning in a wide range (from —0.5y to —47) to
trap the atoms in MOT and measure the temperature at each detuning. The variation
of temperature of the MOT cloud with detuning is shown in Fig. 7.15. The optimal
temperature of around 150 pK of the MOT cloud is achieved below the detuning of
0= —2.
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Figure 7.14: Typical ballistic expansion of cold cloud in time. The linear fit, according
to Eq. 7.33 gives the temperature as 132 + 4 uK .
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Figure 7.15: The variation of temperature of the cold atom cloud with detuning of
the cooling beam.
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7.5.3 Sub-Doppler cooling

The Fig. 7.14 shows the ballistic expansion of cold atomic cloud after releasing from
MOT. However, if we keep the cold atoms for some finite duration in the optical mo-
lasses, the resulting temperature of the cloud is observed to be much lower than the
Doppler temperature. This mechanism is called sub-Doppler cooling [287] and hap-
pens due to the multilevel structure of atomic energy level and polarization-dependent
light shifts. Although the minimum attainable temperature in the sub-Doppler cool-
ing process is the single photon recoil limit, however, before reaching this limit, the
temperature of the atomic cloud depends on how much time the cloud spent in the
optical molasses. The efficiency of the sub-Doppler cooling depends strictly on the
cooling beam power and detuning. The reduction in the temperature of the MOT

cloud depends on how much time the cloud spent in the molasses.
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Figure 7.16: Representation of reduction of temperature with time spent in optical
molasses. The solid red line is the fit to the Doppler cooling theory.

We have performed a systematic experiment to measure the temperature of the sub-
Doppler cooled atoms for varied sub-Doppler times. For this, we first switched off the
trapping magnetic field, and the cooling beam power is reduced to 6 mW and detuning

is changed to —6y. We keep atom cloud in variable times in the molasses and release
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by switching off the cooling laser beams. Next, we perform an absorption imaging
technique to measure the temperature of the cloud in each step of the sub-Doppler
cooled atoms. We have shown the lowering down the temperature of the sub-Doppler
cooled atoms as a function of sub-Doppler time in Fig. 7.16. This shows that the
30 ms is the minimum time required to reach the steady-state sub-Doppler cooling

temperature of 20 pK.

7.6 Bulk properties of cold atoms: response to exter-

nal dc stimulus

The optical molasses damping the motion of atoms is an excellent situation to study
the diffusion of the cold cloud in the molasses beam [288, 289|. The diffusion can also
be investigated by studying the response of the cold atoms to an external stimulus.
We have theoretically developed and experimentally investigated the position response
function (PRF) of cold atoms in a MOT by applying a transient homogeneous magnetic
field as a perturbing force that is presented in our recent article [18]. We observe a
transition from a damped oscillatory motion to an over-damped relaxation, stemming
from a competition between the viscous drag provided by the optical molasses and
the restoring force of the MOT. We also present the diffusion of the atomic cloud in
the optical molasses by studying the PRF. This study shows the collective transport
properties of the cold atoms as a bulk when exposed to an external perturbation.
However, the direct measurement of the dynamics of the internal degrees of freedom
(DOF) of the system, such as spin, that also contributes in the detected PRF, are
discussed in the next chapter.

The work presented in [18], start with a simple Langevin equation to describe the
cold atomic cloud in MOT and in presence of an externally applied force, f(t). We have
incorporated the dissipation kernel «(t) related to the random microscopic fluctuations
¢(t) via the FDT. In this analysis, we choose the OM in the cold-atom experiments as
Ohomic bath since the force is proportional to the velocity with a fixed coefficient of
proportionality or friction coefficient. We have derived the PRF of the cold atoms in
response to the external force f(t) by solving the Langevin equation. We show that
the PRF have a shape of oscillatory or damped motion in time depending on the value
of a of the molasses beams and the spring constant (k) of the trapping magnetic fields.
Experimentally, we have measured the PRF by measuring the mean position of the cold
cloud as a function of time after applying and switching off an external homogeneous

magnetic field. The velocity response function is also measured, and various MOT
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parameters are extracted precisely by measuring the PRF. The details of the paper

[18] is not discussed in this thesis. It will be discussed in the subsequent thesis from

the same group.



Chapter 8

SNS 1n cold atoms

This chapter is based on the publication [17|. Here, we demonstrate, for the first time,
the measurement of spin coherence in cold atoms using Faraday rotation fluctuation
technique.

Magneto-optical trap (MOT) is an experimental technique that reduces the atomic
velocity distribution by almost three orders of magnitude and works as a pre-cooling
stage to achieve ultra-cold atoms in the quantum regime. Therefore, the MOT is an
essential step to get quantum (atomic) gases and a fully spin-based characterization
of the MOT atoms is also of fundamental interest. It is a very interesting stage of
cooling where the thermal effect reduces significantly and the quantum effect starts to
appear. Note that the MOT is a dynamical system where repetitive cycles of capture
and escape of thermal atoms continue within the volume of the trapping region. Since
the atoms trapped in an MOT behaves classically, the system can be considered as a
paramagnetic spin ensemble where the long time average of the magnetization along
an axis is zero. Studying spin fluctuations and hence the spin coherence of an ensemble
of cold atoms trapped in an MOT provides insightful information about the dynamical
nature of the cold spin system. Such information will help to control and preserve the
atomic spin states for further applications and implications.

In this chapter, we will present the detection of intrinsic spin-coherence from an
ensemble of cold atoms trapped in a MOT using Faraday rotation fluctuations mea-
surements. However, the MOT is a source of extremely dilute atomic gases at 100’s of
1K temperatures where the atom density is more than three orders of magnitude lower
in comparison to the thermal atomic vapors at 373K temperature. Additionally, for
a traditional vapor-loaded MOT, the typical diameter of the capture volume to trap
the atoms is also limited by a few mm. Since the strength of the power spectrum for
intrinsic SN signal depends linearly on the atom density (X o ng) and the length of the

atomic sample (X o ), the measured intrinsic SN signal is expected to be four orders
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of magnitude lower in strength than the atomic vapors. Additionally, the cold atoms
are more prone to get scattered by the weak and off-resonant probe beam and the
intrinsic spin fluctuations of the ensemble can optically be perturbed. To avoid such
optical excitation of the atoms by the probe beam, a relatively weak and far-detuned
probe laser beam is used to detect the SN signal from cold atoms. Therefore the probe
beam intensity and detuning dependent term in the detected SN signal (% Ig /0%) is
also orders of magnitude lower for the cold atoms in comparison to the thermal atoms
for a similar beam diameter (i.e. A) of the probe laser. In combination with all these
contributions, we can expect at least four to five orders of magnitude weaker signals
from cold atoms than thermal vapors with reasonable parameters of the probe beam

and spin systems.

Furthermore, the atoms inside the MOT are a non-equilibrium system because of
the presence of in-homogeneous magnetic fields and the quasi-resonant trapping laser
beams. Therefore, in principle, to probe the intrinsic SN signal from the cold atoms in
equilibrium requires releasing the MOT from the trapping volume, and detecting the
signal only while the atoms are falling freely under gravity and free from trapping laser
beams and in-homogeneous magnetic fields. The probe laser beam can be kept below
the MOT cloud. During the time of data acquisition from the free-falling cold atomic
cloud, the in-homogeneous magnetic field can be switched off, and simultaneously the
homogeneous magnetic field can be applied perpendicular to the probe laser. However,
in this technique, the cold atoms take a few ms to pass through the probe laser, which
is insufficient to collect the long-time behavior of the spin dynamics of the system. All
of these above disadvantages make it difficult to detect the intrinsic spin coherence

signal from the cold atoms with the existing detection set-up.

Therefore, the intrinsic spin noise signals have not been detected so far in cold as well
as ultra-cold atoms and quantum gases, where direct measurement of spin fluctuations
is predicted to be extremely useful in understanding quantum phases [13, 14, 16, 163]
and precision magnetometry [6, 7, 290]. Moreover, the cold atomic systems are ideal
testbeds for demonstrating quantum effects due to their ultra-low temperatures [291].

Since the cold atoms spend a very short duration inside the probe beam in the
free-falling measurements, as a proof-of-principle detection of intrinsic spin coherence
from such a system, we have performed the in situ measurement by sending the probe
beam through the captured atoms inside MOT. In this method, the measurement
duration can be much longer than the system’s characteristic relaxation times which
gather sufficient data for the long-term behavior of the spin dynamics. Additionally,
the strength of the intrinsic SN signal from in situ cold atomic cloud is extremely feeble

to detect within SNS technique with good SNR as discussed earlier. Therefore, we have
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coherently driven the in situ cold atoms with a pair of coherent Raman lasers to detect
the driven PSD and extract the information about the intrinsic spin coherence of the
same system as discussed in chapter 5. We have demonstrated an enhancement of the
signal strength as much as million folds in thermal atoms using coherent Raman drive,

which allows us to detect the spin coherences in cold atoms trapped in a MOT.

8.1 Detection of spin coherence in cold atoms

In this section, we first discuss the implementation of the coherent Raman drive tech-
nique to an in situ magneto-optically trapped cold 8°Rb atomic ensemble to extract the
intrinsic spin relaxation rate 7'. We mostly focus on the detection of the driven PSD
from the coherently driven cold atomic systems. To keep focus on the measurements,
the details about the experimental set-up and data analysis procedures are provided in
section 8.2 and section 8.3, respectively. Note that, we choose #*Rb cold atoms for the
detection of spin-coherence signal for the following reasons (a) We loaded the atoms
in MOT from natural abundant background Rb vapor. The abundance ratio for the
two isotopes of the Rb atoms are 8®Rb: 3'Rb 3:1. Therefore, the vapor pressure for
8Rb atoms are three times higher than 8’Rb atoms in the vacuum chamber, that leads
to higher atom density in the MOT for ®Rb atoms, and (b) we have experimentally
observed that the size (Gaussian FWHM) of the Rb MOT is around 1.5 times higher
than the 8"Rb MOT. The bigger MOT width is advantageous for the in-situ measure-
ment of SNS experiment, since the tunability range of the probe scan is higher and the
spatial resolution is more accurate.

In the recent past, the measurements of Faraday rotation as well as atomic number
fluctuations have been demonstrated in cold atomic systems [10, 292-295]. However,
we apply the Faraday rotation fluctuations technique to study, for the first time, spin
coherence produced by a coherent Raman excitation in the cold atomic system. Our
experimental system typically traps more than 107 atoms at a temperature of 150410
1K in a standard vapor-loaded MOT with a typical Gaussian width of ~ 4 mm. We
take sufficient care to ensure that the center of the atomic cloud is overlapped with the
zero of the quadrupole trapping field within 30 pum (see Fig. 8.1(a-inset)). Addition-
ally, we align a pair of Raman fields with waist diameter of 6 mm, blue detuned by 2~
(v = 27x6.1 MHz) from 585, F = 3 — 5P39, F' = 4 (D,) transition. A collimated
probe laser field along z with a waist diameter of 70 gm and blue detuned by 20~
from the same transition is sent through the cold atomic cloud (see Fig. 8.1(a) and
Fig. 8.1(b)). We kept Raman beams detuned by +27v to ensure the minimal optical

scattering imparted on the trapped atoms while maintaining significant coherent cou-
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pling between the Zeeman states. The value of +2+ is chosen after performing the
following experiment. We vary the detuning of the Raman beams from 0 to higher
values on the blue side. We noted down the atoms loss in the MOT in each detuning of
the Raman beams. The atoms loss is saturated at +2+ detuning. On the other hand,
we have also performed the strength of the driven SN signal in each of the Raman
beam detuning. We have observed that at +2v detuning the SN signal strength is
significantly large, while the atoms loss is significantly less. The probe beam detuning
is chosen to +20v to reduce the optical scattering. For the probe beam detuning of
+20, the optical scattering reduces to 1600 times in comparison to the on-resonance
probe beam. The probe field position with respect to the cloud center is independently
measured using high precision absorption spectroscopy and absorption imaging within
a precision of 10 pym. The quadrupole magnetic field profile creating the MOT is sep-
arately characterized using a Hall magnetometer probe, and it is shown schematically
in Fig. 8.2(b).

To measure P(w) at a finite Larmor frequency in the presence of the Raman fields,
we have shifted the probe laser by 900 um from the trap center in the z—direction
on the x — z plane. Also, due to the Raman fields, the cloud center shifts in the x-
direction depending on the Raman fields intensity and the detuning (see Fig. 8.2(b)). In
Fig. 8.2(a), we show a representative spectrum detected in this condition at 915 = 2.73
MHz for €2/ = 0.35. In the absence of the Raman fields - unlike in the vapor case -

we do not observe any detectable intrinsic SN signal as we have discussed earlier.

We record a series of P(w) by varying d15. For a fixed value of €/ and probe
field position, we obtain composite spectra (see Fig. 8.2(c)) by repeating the above
procedure and recording the peak height of each individual P(w). The acquisition time
for each data point (at d12) is 8 seconds for a signal run of the experiment. We analyze
our experimental results using the earlier modeling for thermal vapors after including
corrections due to magnetic field variations, atom density distributions, and multilevel
contributions (see section 8.3 for details). The asymmetric nature of the spectrum in
Fig. 8.2(c) arises mostly due to the magnetic field variations within the trapped MOT
cloud and the Gaussian atom density distributions of the cloud. However, for the probe
beam position |z| < 1 mm on the x — z plane as in the case shown in Fig. 8.2(c), the
magnetic field orientation (p(x)) with respect to the z-axis is the most dominating
factor for the asymmetric nature of the envelope spectrum over the Gaussian atom
density distribution of the MOT. The multilevel corrections have a negligibly small
contribution in this asymmetric nature. We fit the data in Fig. 8.2(c) (solid red line)
with a free parameter 7. We get an estimate for the value of 24/ from this fitting as

29" = 27 x(1.0+0.7) kHz.
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Figure 8.1: The schematic of the experimental set-up and the relevant energy levels for
the spin noise (SN) detection of an in situ magneto-optically trapped (MOT) cold ¥ Rb
atomic ensemble. (a) depicts the arrangements of the Raman beams (red), probe beam
(blue), magnetic coils, and detection set-up. (a-inset) in-situ magneto-optically trapped
(MOT) ®Rb atoms inside an ultra-high vacuum glass cell in presence of inhomogeneous
trapping magnetic fields. The faint beams in (a-inset) are the cooling and repumper
laser radiation fields used to capture the 8®Rb atoms in a MOT. Here the red arrows and
blue circular arrows represent the direction of the laser beams and their polarizations.
The red blob at the center of the glass cell represent the cold 8°Rb atomic cloud. HWP:
half-wave plate, QWP: quarter-wave plate, L1, L2, L.3: lenses, NPBS: non-polarizing
beam splitter, PBS: polarizing beam splitter. (b) represents the electronic (dipole)
transition lines for 8®Rb atom [23| and the frequencies of the cooling and repumper,
Raman and the probe beams. I is the nuclear spin, F(F’) represents the ground
(excited) hyperfine levels, and « is the linewidth of the F'—levels of the respective
atoms.
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Figure 8.2: Measurement of spin coherence in Raman driven cold 8°Rb atoms at
150 pK. (a) P(w) recorded at 615 = 2.73 MHz. (b) A schematic representation of our
experiment including local magnetic field profiles (yellow arrows), the position of the
cold atomic cloud (red blob), and the probe laser. (c-e) The recorded envelope spectra
(blue open circles) for the various sets (check the text for details) of experimental
parameters.

We have repeated the above measurements for various z-positions of the probe
laser. Another representative data is shown in Fig. 8.2(d) for z = 700 pum, which gives
29" = 27x(2.3 £0.7) kHz. We have also performed the experiment in the presence
of balanced Raman fields, which minimize the shift of the cloud center as shown in
Fig. 8.2(e). The extracted value of 29 is 27w x (1.3 £0.7) kHz. Our present experiment
is limited by several factors, e.g., magnetic field in-homogeneity, off-resonant scatter-
ing, the effect of strong driving fields, and relative frequency stability of the Raman
fields, which can significantly change the measured spin coherence rate. At this low
temperature (150 pK), the above perturbation effects are typically far more impor-
tant than the suppression of spin projection noise mentioned in chapter 5 where we
have consistently obtained a lower value of the extracted spin coherence rate than the
intrinsic SN measurements. Nevertheless, the observed reduction in extracted spin re-
laxation rate by two orders of magnitude as compared to the thermal atoms, which can
be attributed to the six-order lowering of the temperature that substantially reduces
thermal coupling, collisions, and transit times.

This experiment can further be extended to study spin coherences in cold atomic
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ensembles confined in a far-off-resonant optical dipole trap. This would avoid the pres-
ence of an in-homogeneous magnetic field. Additionally, a free-falling cold atomic cloud
provides a clean system unconfined by the trapping magnetic and quasi-resonant op-
tical fields. The measurement of the transverse spin coherences in such a system can
be performed by applying a homogeneous magnetic field along a preferred direction.
However, the data acquisition time for such a measurement is limited by a few mil-
liseconds and requires a high temporal resolution detection set-up to probe the signal
as discussed earlier. In the future, such a measurement can be performed using, for
example, our recently developed time-resolved digital receiver system (DRS) [20].
The detection method developed and described in this chapter can have signifi-
cant applications in precision magnetometry, high-resolution imaging, non-perturbative
probing of quantum phase transitions in cold atoms, and other similar systems such as

cold ions and cold molecules.

8.1.1 Polarization dependence

We have also studied the strength of the driven power on the polarization state of the
Raman beams in the cold rubidium atoms as shown in Fig. 8.3. We have fixed 615 =
2.73 MHz to resonantly drive the atoms located at x = 1.9 mm, y = 0, and 2z = 900 pum
where 65 =~ 45°. The dependence of P(w) on the Raman fields’ polarization for cold
atoms is similar to the previous case with thermal vapors (shown in Fig. 5.11). While
the peak signal strength of P(w) reduces exactly to zero at 90° and 180° as expected,
the magnitude at § = 135° reaches only half of the observed values at § = 45° and
225° in cold atoms inside the MOT, which is very different from the thermal vapors in

a homogeneous magnetic field.

8.2 Details of the experimental set-up

In chapter 5, we have reported the results in a thermal atomic vapor to develop and
characterize the measurement of Faraday rotation fluctuations signal from a coherently
driven system. In this chapter, we have provided one of the main studies of this thesis
to extract the intrinsic spin coherence rate from a cloud of in situ cold ®*Rb atoms.
In this section, we provide the details of the cold atomic setup that has been used
for the measurement. We have discussed extensively the making and probing of cold
atoms in an MOT in chapter 7, however here we provide the parameters used for the
measurements.

We magneto-optically trap neutral 8®Rb atoms inside a glass cell maintaining back-
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Figure 8.3: The driven power spectrum strength at 45 = 2.73 MHz for various angle
0 in cold atoms. The signal strength at § = 135° is about 1/2 of that at § = 45° and
225°. The polarization sensitivity at each d;5 carries its unique signature for atoms in
the MOT, unlike atoms in a homogeneous magnetic field. The solid line joining the
data points are a guide to the eye.

ground pressure less than 107! millibar using standard laser cooling and trapping
techniques (see Fig. 1(a-inset)). The cooling beams were generated from an external
cavity diode laser (ECDL) and frequency stabilized to the 12 MHz red detuned (-27)
with respect to 5Si/2, F' = 3 — 5P39, [ = 4 (D,) transition. The “repumping” laser
beams were derived from another ECDL and frequency stabilized to the 55 /9, F' = 2
— 5Py )2, F' = 3 (Dy) transition (see Fig. 8.1 (b)). A pair of magnetic coils in near ideal
anti-Helmholtz configuration produces the required spatial magnetic field gradient. We
coincided the optical and magnetic field centers with the center of the vacuum chamber
with an accuracy of ~ 30 ym. We use three independent detection techniques: absorp-
tion imaging, fluorescence imaging, and probe absorption for characterizing the cold

atoms as discussed in chapter 7 and alignment of the optical fields for the experiments.

In Fig. 7.11, we show a typical absorption image of our cold cloud, which gives a
good measurement of the total number and the spatial distribution of the atoms. Using
a separate time-of-flight measurement, we obtain the temperature of the atomic cloud
to be ~ 150 pK. We typically trap more than 107 atoms with a Gaussian FWHM of

~ 4 mm.

The strength and orientation of the magnetic field B vary within the atomic cloud
along the probe field direction (z-axis) as shown in Fig. 8.4 and Fig. 8.2(b). In this
configuration, the magnetic field exists only on the x — z plane, and we calculate
the magnetic field at each position using a solution of the elliptic equations [296]. See
Appendix C for more details. We separately measure the field components (B, By, B;)

using a Hall probe magnetometer (LakeShore) for comparison and calibration purposes.
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The angle 05 (z) between the local magnetic field and probe laser propagation direction

is position-dependent as shown in Fig. 8.4(right).
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Figure 8.4: The z-dependence of the total magnetic field and the angle 65 (z) between
the local magnetic field and the probe laser propagation at y = 0 and z = 900 um.

The Raman radiation fields for coherent driving were derived from the same ECDL,
which provides the cooling laser light. Two independent acousto-optic modulators
(AOMs) were applied to produce the Raman fields with controllable frequency differ-
ence (i.e. d12). The radio frequency signal sent into the AOMs can be tuned using
two voltage-controlled crystal oscillators. The control voltage was sent using an FPGA
board with a vertical resolution of 12 bits. A brief discussion on FPGA is provided
in Appendix D. The long-term relative frequency ‘jitter’ of 9,5, was measured to be ~
7 kHz (for measurement duration of 8 seconds). This ‘jitter’ limits our measurement
precision, which can be reduced to a few Hz level using ultra-stable reference sources
in the future upgrading of the experimental set-up. However, this relative frequency
stability is adequate for the first sets of measurements of the Faraday rotation fluctua-
tions signal from the cold atoms. The Raman fields were spatially mode cleaned using
PM fibers, expanded to a Gaussian waist diameter of 6 mm, and combined in an NPBS
before sending through the cold atomic cloud. The polarization of the Raman fields
can be independently varied, employing the combination of half-wave plates (HWPs)
and quarter-wave plates (QWPs). We typically manage to obtain a polarization purity
of the Raman fields > 99%. The Raman lasers are optically detuned by 2v in blue
side from 5512, F' = 3 — 5P35, I’ = 4 (D,) transition (see Fig. 8.1(b)) to minimize
the radiation pressures on the trapped atomic cloud. However, we have separately
measured the little shift of the cold cloud in presence of the off-resonant Raman beams
using fluorescence imaging by keeping the camera on the y — z plane. We have also

taken sufficient care to align the center of the MOT cloud with the center of the Raman
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beams.

Next, we align the probe beam through the MOT in a specific z position on the
x — z plane in presence of the Raman beams. The probe laser field is generated
from another ECDL, and its frequency is monitored using a high precision wavelength
meter (Highfinesse, WSU2) with an absolute frequency accuracy of 1 MHz. First, we
clean the spatial mode of the probe laser using a PM fiber and then expand the beam
diameter to 12.5 mm using two pairs of telescope. Next, we send the expanded probe
beam through a plano-convex lens with a focal length of 40 cm before sending it into
the MOT cloud in presence of Raman beams. The lens is placed on a three-stage
transnational (z,y and z) mount and positioned exactly 40 cm away from the center
of the MOT cloud. The Gaussian waist diameter of the probe beam is 70 um at the
focal point with a Rayleigh length of 12 mm. Since the diameter of the MOT cloud is
much smaller than the Rayleigh length of the focused probe beam, we have considered
that the probe beam diameter is constant within the cloud. We have sent the probe
beam through the atomic cloud along = at y = 0, and the z position of the probe
beam was varied for different sets of measurements. The exact position of the probe
beam with respect to the MOT center is determined by performing a high-precision
probe transmission spectroscopy experiment. After the MOT cloud, the probe beam
is captured on another plano-convex lens and sent through the polarimetric set-up and
fed to the balanced photo-detector.

8.3 Details of the data analysis procedure

In this section, we discuss the data analysis procedure to fit the cold atom driven
spectrum using our developed theory and extract the value of 7/. For a homogeneous
magnetic field as in the thermal vapor measurements, the Faraday rotation fluctuations
signal (both the intrinsic and the Raman driven) is centered around a single Larmor
frequency v, determined by the magnetic field strength B. However, for the cold atoms
inside an MOT, the Larmor frequency vy () varies over space along . Therefore, the
Zeeman splittings of the ground hyperfine levels are determined by the magnitude of
the local magnetic field, and the Raman resonance condition is also position-dependent,
i.e., 012(x) = vr(x). In our numerical modeling, we take this position-dependent local
magnetic field into account to calculate the strength of the Faraday rotation fluctua-
tions signal at different spectral frequencies.

Moreover, the orientation (6p(z)) of the local magnetic field also varies along z
inside the MOT. The SN signal strength at vp(z) also gets modified by a factor of

sin?0z(x) [3]. We have experimentally verified this correction factor by performing a
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separate calibration measurement of the intrinsic SN spectrum in thermal atoms (see
Fig. 3.14).

The atom density distribution within the MOT cloud addressed by the probe laser
is not uniform, which is evident from the absorption image in Fig. 7.11. We incorporate
this density distribution in the modelling of the SN signal strength (o< n(x), where n(z)
is the number density of atoms at position z) from the MOT [4, 21]|. Note that n(x)
can be measured precisely using absorption imaging.

Another minor correction to the SN signal strength can be from the definition of
the quantization axis, which also varies along z-direction on the x — z plane. Since the
local magnetic field alters over space, the coupling of the Raman fields with the atoms
in the MOT also depends on z-position. Such correction can be incorporated in our
modelling by an x-dependent Rabi frequency defined as Q(z) = Q(1 — sin? () /2).

So far, we have discussed the Raman-driven spin coherence between the ground
states involving a single A system formed by states |i), where i = 1,2, and 3. Ideally,
in cold atom experiments, six A systems are involved in giving rise to the driven
power spectrum generated from F = 3 and F’ = 4 hyperfine levels of Rb atoms.
However, the value of Landé g-factor is different for those two hyperfine levels, resulting
in dissimilar contributions in building the signal strength from individual A system
through the optical detuning of the Raman fields.

Incorporating the above factors and corrections, we get the strength |ps; ()| of the

Faraday rotation fluctuations signal from the atoms at position z inside the MOT,

|21 (2)]? = [p21(Q(2))|*n(z) sin® O (). (8.1)

For a fixed position x within the MOT, we consider the contributions of all six
A systems and add them up to get the total driven spectrum strength. The six A
systems contribute differently via the optical detuning Ass(n) of the Raman fields

from the excited state, i.e.,

Azs(n) =27+ (3 —n)(9r — gr)usB(z)/h, (8.2)

where n runs from 1 to 6 and g is the Landé g-factor of the excited level. We fix the
detuning Ag3(n) = 27 for n = 3 in our experiment as shown in Fig. 8.5.

In Fig. 8.2 (c,d,e), we present some plots for the Faraday rotation fluctuations
signals as a function of 015 from a driven cold rubidium cloud. We have fitted the
experimental data using the Eq. 8.1 along with po;(Q(z)) from Eq. 8.3, where Q is
replaced by Q(z) and we employ Ays from Eq. 8.2. The only free parameter in this

fitting is the relaxation rate +' of the hyperfine ground level Zeeman states, and all
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Figure 8.5: The six A systems formed in the 3Rb cold atomic system. For simplicity
the optical detuning of the Raman beams from relevant transition is shown here as
zero. The extra term added to the detuning mentioned in Eq. 8.2 can be understood

with this picture.

other parameters are measured in our experiment.

Here we provide the formula for ps; (€2(2)) mentioned in Eq. 8.1. In the atomic vapor
case, we provide a relatively simple formula for ps; by choosing €213 = Q93 = €2 and
Aoy = 0,A13 = A, and that formula is employed for the driven thermal vapors. Here,
we give a more general formula when Aoz # 0, which is our experimental condition for

the driven rubidium cold atoms.

B Y2 (A(2iy + A) — 402 4+ (=27 +iA)Y)
P R (202 + A3, + AZ) + 202A% 4 801 + 2(372 + (Das + Ags)? + 1202)7/+
+972(27% + A5 + A3y + 6Q%)
(8.3)

where A = A23 — A13.



Chapter 9
Conclusions and outlook

We have measured the intrinsic spin coherence of cold atoms using Faraday rotation
fluctuation measurement for the first time. This experiment opens up new possibilities
to probe intrinsic spin dynamics and their interactions with various potentials in sim-
ilar cold and ultra-cold atomic, molecular and ionic systems. Traditional non-invasive
spin noise spectroscopy (SNS) technique have been used, along with Raman driving to
the atoms, to probe the spin-correlation of the cold atomic system. We have also devel-
oped a theory of Raman driven SNS based on optical Bloch equations (OBEs). First
we characterize this technique with thermal atoms, and later implement to cold atoms
to extract the intrinsic spin coherence rate. We have shown a consistent measure-
ment of spin coherence rate of thermal atoms using intrinsic and Raman driven SNS
technique. A coherence transfer from one atomic species to another via spin-exchange
collision has also been observed when the one of the atomic species is subjected to
Raman coupling. We have developed and characterized the SNS technique with ther-
mal rubidium atoms and extract atomic, magnetic, nuclear and chemical properties of
atomic systems. We make use of the SNS technique to precisely measure the real-time
external magnetic field strength with our developed digital receiver system (DRS). We
have also implemented the optical pumping (OP) method to precisely control the spin
population between the ground hyperfine levels of rubidium atoms and detect them
non-invasively using SNS technique.

This novel detection technique along with Raman coupling scheme can be applied
to diverse quantum materials, such as semiconductor hetero-structures, quantum dots,
photonic crystals, atomic vapors, and Bosonic and Fermionic ultra cold gases to probe
the spin correlations. The techniques developed during this thesis work promises to
advance our knowledge about the origin of quantum magnetism. In the context of
cold atoms in optical lattices, an analogue simulation of Hubbard Hamiltonian can be

performed. The ground state solution can have either superfluid or insulating phases.
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In the case of cold atoms with a particular spin state, this implies a phase transition
between a spin fluctuating state to a “frozen” spin state. This phase transition can be
investigated using the technique of SNS.

On the application front, these techniques can be utilized to develop high precision,
real-time, and miniaturised magnetometers for quantum sensing. Reliable measure-
ments of spin fluctuations as described in this thesis, can be a promising experimental
tool for quantum information processing and computation. In recent past, a spin noise
measurements had been performed to demonstrate the generation of entanglement be-
tween two distant (thermal) atomic spin ensembles in their quadrature components
[213, 297]. In this experiment, the polarization of the two atomic systems is initially
prepared in the opposite orientation (+z for system 1 and —z for system 2) using
optical pumping. The instantaneous magnitude of the quadrature spin components,
such as y— and z—, is proportional to v/N where N is the number of atoms in each
cell. The temporal evolution of these quadrature components is driven by quantum
fluctuations, i.e. spin noise. Measurements of the spin noise of one system with re-
spect to another (negative mass) system allow to detect the noise variances below the
standard quantum limit set by the Heisenberg uncertainty principle [214, 215, 297] or
by the stroboscopic back-action-evading measurement [298]. Apart from the atomic
systems, the generation of entanglement in material systems by measuring the spin
noise is achieved in many systems including trapped ions and atoms [299|, quantum
defects in crystals [300], and high-quality mechanical oscillators [301].

The entanglement between two non-local objects provides extra correlation that
gives valuable resources for enabling the teleportation of quantum states and exponen-
tial speed-up in quantum computing [302| and precision metrology beyond standard
quantum limits [303|. Generating and maintaining entanglement in material systems
play a crucial role in many practical applications and fundamental research interests
since the massive particles are an ideal system for the storage of quantum information.
At the same time, the information can be transferred from one location to another using
an optical state, since light is the best long-distance carrier of information. Therefore,
in the context of quantum technology development, we expect, the studies and infor-

mation contained in this thesis will be valuable for active and future researchers.



Appendix A

Saturation absorption spectroscopy

(SAS)

The narrow linewidth lasers have to be precisely tuned for addressing the atomic tran-
sitions. This can be done by scanning the frequency of the laser beam passing through
an atomic sample while simultaneously monitoring its absorption. At the resonance,
the absorption should be the maximum. However, the precision of this technique of
determining the resonance is limited by the sharpness of the absorption profile by the
atomic sample. At room temperature, the velocity distribution, in an ensemble of

atoms, can be described by the Maxwell-Boltzmann (MB) distribution function:

0= ), "
where m is the mass of the atom and v its velocity. This thermal motion of atoms
broadens the atomic transition absorption line due to the Doppler effect.

We perform Doppler-free spectroscopy known as saturation absorption spectroscopy
(SAS) technique which involves using an intense pump beam and weak probe beam
derived from the same laser. The pump and probe are aligned in a counter-propagating
layout as shown in Fig. 7.5 (b). The probe absorption is monitored while scanning the
frequency of the laser (both pump and probe have this same frequency). Now the

Doppler-shift in frequency due to atomic motion is given by:
w=uwy— k-7, (A.2)

where w is the shifted frequency, wq is the actual frequency, k is the wave-vector of
the light beam. The Doppler-shift for counter-propagating beams is different unless

k-7 =0. While scanning, the frequency of the laser comes to resonance with an atomic
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Figure A.1: The probe transmission signal near Dy—line of Rb isotopes in presence
(black trace) and absence (red trace) of pump beam. The saturation absorption peaks
(real and crossover) identifying various hyperfine transitions are observed in the black
trace.

transition, a simultaneous absorption of pump and probe occurs only for atoms having
k-7 =01ie. for atoms moving perpendicular (or at rest) to beam propagation. This
group of atoms is called the zero velocity class of atoms. At resonance, the pump due to
its high intensity will saturate the transition only for this zero-velocity class. So there
will be no absorption of the weak probe, rather it causes a sudden decrease(increase) in
probe absorption(transmission). Since the simultaneous absorption of pump and probe
happens only for the zero velocity class, the sharpness of resonance is only limited by
the natural Lorentzian linewidth, pressure, and power broadening effects whereas it is
independent of Doppler broadening. So we get a precise determination of the resonance
frequency. A contrast between the Doppler-broadened profile with no hyperfine peaks
and the SAS signal is shown in Fig. A.1. The hyperfine multilevel structure of atoms
gives extra peaks in a SAS signal known as crossover peaks. This happens due to a
particular velocity component of atoms along the beam propagation direction that is
simultaneously excited by both pump and probe beams. However, both pump and
probe excite different transitions. Here two types of systems are worth discussing, a)
those with two excited states and one ground state (called V' —system) and b) those
with two ground states and one excited state (called A—system). In a V —type system,
let an atom has velocity v(—%) along pump(probe). Let the pump and probe excite

transitions with angular frequency w; and ws respectively and let the laser frequency
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be wy at crossover. So for simultaneous excitation:

wlsz—k"U

wy =wy+ k- T (A.3)
ﬁwO:aq;—WQ

A similar phenomenon happens in a A—system but the crossover is a dip instead of a
peak in this case [304]. This happens due to the optical pumping of atoms amongst the
two ground states. Let the pump and probe excite transitions with angular frequency
w1 and wy, respectively. Since the pump beam is very intense, all the atoms will be
pumped to the wy ground state which is excited by the probe. This entails probe
absorption giving rise to a dip instead of a peak. In short, the cross-over between the
excited hyperfine levels are a peak, and that between the ground hyperfine levels are
a dip. The cross-over dip between the ground hyperfine levels are observed when the
Doppler broadening is similar or more than the ground hyperfine level separation. The
dip in the absorption spectrum is not observed when the Doppler broadening is much

smaller than the ground hyperfine level separation.

A.1 Frequency modulation spectroscopy

Frequency modulation (FM) spectroscopy is a powerful tool that helps to lock the laser
on the atomic transition line with stability much better than the exited level line-width
of the atoms. It involves modulating the frequency of a laser generally by applying
a variable sinusoidal voltage to the grating of the ECDL. The laser beam is passed
through a sample which can respond to frequency changes say a SAS setup.

Now the SAS signal will have modulation as per the frequency modulation of the
laser. Two points are worth mentioning : a) For SAS itself the frequency of laser is
changed, but that modulation is very slow (few Hz) and its amplitude is large (called
ramp amplitude). This is different from the modulation given to the laser current whose
frequency is high (few kHz) but amplitude is less. b) The SAS signal has symmetric
profile about resonance so we do not know if we are above or below a resonance just
by measuring the SAS signal. It is actually the derivative of SAS signal which is anti-
symmetric about the resonance and can tell if we are above or below a resonance. Such
a derivative or error signal is shown in Fig. A.2 for Rb isotopes of cooling transitions.

To extract the derivative signal, we need to understand a simple mathematical treat-

ment. If the laser frequency w is sinusoidally modulated with modulation amplitude p
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and frequency f, then the transmitted intensity I through the SAS cell is,

dl 2sin? ft d*I
I(ew+ psin ft) = I(w) + psin ft 2~ + % = (A4)
This can be re-written as,
24?1 dl 3 a3

I(w + psin ft) = I(w)—l—p———l—....] + sin ft [p—+p—sin2ft——|—...}+

4 dw? dw 8 dw? (A 5)
2 72 :
p° d°I
A
+cos2ft 1 d? + +

So, the transmitted intensity contains a DC term, a term oscillating at f, a term
oscillating at 2f, and so on. Since we have assumed thatp is small, the coefficient
of the sin ft term is essentially p multiplied by the first derivative of the transmitted

intensity. So the derivative can be extracted by performing a phase-sensitive detection

at f.
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Figure A.2: The derivative (error) signal corresponds to the SAS signal of cooling
lines Rb isotopes.
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Appendix B

Acousto-optic modulator (AOM)

An AOM is a device used to change typically the frequency of light by a controllable
amount generally of the order of several tens or hundreds of MHz. It is also used to
vary the beam intensity. It consists of a crystal through which sound waves produced
by an RF transducer travel to create modulation of density in the crystal. This density
modulation leads to variations of refractive index which travel with the speed of the
sound. So acoustic wavefronts are generated inside the crystal from which Bragg-

diffraction of the beam occurs when:
2ASin 0 = nA, (B.1)

where A and A\ are the wavelengths of sound and light, respectively and 6 is the
angle made by light with the acoustic wavefront. A schematic diagram of an AOM is
shown in Fig. B.1.

To explain the frequency shift we can use wave-vector diagrams to illustrate the
basic light-sound interaction [305]. These diagrams refer quantum-mechanically to
the conservation of momentum in photon-phonon collisions and classically to phase-
synchronous interaction. The assumption in the Bragg-diffraction that the incoming
and scattered light has the same wavelength is good enough because of a huge difference

in frequencies of light and sound.

This allows the wave-vector representation of the Bragg condition as shown in
Fig. B.2. which can either be an upshift or downshift in the frequency of light by the

amount same as the frequency of sound. So for an n—th order diffraction, we have :
fn = f + nvs, (BQ)

where f is the frequency of light and v, frequency of sound. A practical problem
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Figure B.2: Bragg condition as a wave vector diagram.

that arises when using AOMs to scan the laser frequency is the dependence of the beam
diffraction angle on the modulation frequency. The alignment problems caused by AOM
frequency sweeps can be practically eliminated by using the double-pass configuration
[306], in which the laser beam travels through the AOM twice and the beam deflection is
compensated in the second pass. Modulating the light with the AOM twice also means
that the total frequency shift is twice the modulation frequency. For an optimized
double-pass a cat’s eye retroreflector [306] should be used instead of a flat mirror
retroreflector. The double-pass configuration employs an extra QWP to separate the
spatially overlapping input and output beams by making their polarizations mutually

orthogonal which can be separated using a PBS.



Appendix C

Field profile of magnetic coils

C.1 Magnetic field expressions for circular current

loops

The magnetic field generated by a current carrying element is given by Biot-Savart law

as,
5 @Idl X T
4 |r|?

(C.1)

where dl is the infinitesimal length vector of the current element (I) and # is the unit
vector in the direction of the measured point from the current element.

For a single current loop of radius R perpendicular to z axis and centered at z = A,

the magnetic field components in cylindrical polar coordinates is given by [307],

R?—p*— (2 = A)? 2
(R—p)*+ (2 — A)2E(k )}7 (C.2)

I
B. = a T { K0 +
2m(R + p)? + (2 — A)2Y

pl(z — A) {—K( 2) R?+ p* + (2 — A)?

" a2 - AP CEr ey LG

and,
By = 0. (C4)

The argument in the complete integrals K and E is k2 = ( 2ap where a is the

(atp)>+(z—20)
radius of the coil. In air, u = oy = 47 x 1077 N/A% These equations are needed to
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calculate numerically to get the total magnetic field of a thick circular coil by summing

the fields produced by many single loops which make the large coil.

C.1.1 Helmbholtz coil configuration

The standard technique for generating a uniform magnetic field is to use a pair of
circular coils with equal currents flowing in the same sense. The magnetic field on the

axis of a circular current loop of radius a with current I can be written as,

pola?

B(z) = e+ 27

(C.5)
at a distance z above the center of the loop. We can generate a nearly uniform field
near the midway (z = 0) between the coils, using two such loops with distance d apart.

The field as a function of z is,

_ pola? 1 1
PE=75 (W P R LI P P d/2)2}3/2) : (C.6)

C.1.2 Anti-Helmholtz coil configuration

For trapping atoms in a MOT, we need a locally uniform field gradient to provide a
spatially dependent Zeeman shift for neutral atoms. To do this, one simply reverses
the current in one of the Helmholtz coils. Such coils were first used to trap neutral
atoms by Migdall et. al [308]. The MOTs have a typical field gradient of 10-40 G/cm
along the symmetry axis. A calculation of the magnetic field B along the z-axis (axis

of symmetry) of a pair of anti-Helmholtz coils yields

_ pola® 1 1
PE=75 <{a2 +(z—d/22PR {a®+ (2 + d/2)2}3/2> ' (C.7)

The currents in each coil are flowing in the opposite directions. The field components

of anti-Helmholtz coils near the origin up to third order can be written as,

B¢ - O,
3ulda® 15ula(d?* — 3a?) 5 9
z — 4z° — ’
2{a + (/222" " 24{a® + (d/2)2}9/2( @ Oz ) (C.8)
3ulda® 15ula(d?* — 3a?) 5 )
B,=— 4p° — 14 .
Y PN Y ) P LR T P (d/2)2}9/2< proieE )
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dB.(0) 48401

The maximum field gradient of B, obtained when z = a, which is == = — Toar =
2638,0(0)
P

C.1.3 Spherical quadrupole coils

For magnetic trapping of cold atoms, the simplest magnetic field geometry with a local
minimum is the quadrupole field is generated by two co-axial current loops (along z-
axis) with current flowing in opposite directions. In this configuration, the magnetic

field near the quadrupole center is approximated by
B =b(z,y,—2z). (C.9)

b is the field gradient along the radial direction of the coils. The magnetic field is zero
at the center and grows linearly in all directions. This shows that the quadrupole trap

is much steeper near the center than the quadratic dependence trap.
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Appendix D

FPGA control

The accurate characterization of the cold atomic samples requires a precise control
over the time sequence of events. This is achieved by interfacing the experimental
setup with a LabVIEW program implemented on a FPGA architecture. The 40 MHz
onboard clock of FPGA provides a timing jitter of 25 ns.

D.1 LabVIEW

LabVIEW (acronym for Laboratory Virtual Instrument Engineering Workbench) is a
system design platform and development environment for a graphical programming
language from National Instruments. The programming language used in LabVIEW,
also referred to as G, is a dataflow programming language. Execution is determined by
the structure of a graphical block diagram (the source code) on which the programmer
connects different function nodes by drawing wires. These wires propagate variables
and any node can execute as soon as all its input data become available. Since this
might be the case for multiple nodes simultaneously, G is inherently capable of parallel
execution. Multi-processing and multi-threading hardware is automatically exploited
by the built-in scheduler, which multiplexes multiple OS threads over the nodes ready
for execution.

LabVIEW ties the creation of user interfaces (called front panels) into the devel-
opment cycle. LabVIEW programs/subroutines are called virtual instruments (VIs).
Each VI has three components: a block diagram, a front panel, and a connector panel.
The last is used to represent the VI in the block diagrams of other, calling VIs. Controls
and indicators on the front panel allow an operator to input data into or extract data
from a running virtual instrument. However, the front panel can also serve as a pro-

grammatic interface. Thus a virtual instrument can either be run as a program, with
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the front panel serving as a user interface, or, when dropped as a node onto the block
diagram of other VIs, the front panel defines the inputs and outputs for the given node
through the connector pane. This implies each VI can be easily tested before being

embedded as a subroutine into a larger program.

D.2 The CompactRIO system

The CompactRIO platform features a range of embedded controllers with two pro-
cessing targets: (1) a real-time processor for communication and signal processing and
(2) a user-programmable FPGA to implement high-speed control and custom timing
and triggering directly in hardware. Both these requirements are critical in cold atom
experiments where the relevant time scale are usually less than few milliseconds. The
various modules embedded in a CompactRIO refer to the same onboard FPGA clock
and hence the sequence of generated signals is automatically synchronized.

The control of the experiment involves switching ON/OFF of the MOT beams,
magnetic fields, imaging beams, Raman beams etc. The trigger pulses for this control
were generated using the digital input-output (DIO) module NI-9403 embedded in a
CompactRIO 9012. Apart from this the frequency and intensity of the beams can
be changed by producing voltage ramp from the analog output module NI1-9263. The
delay between various events is controlled via the in-built wait function.

The CompactRIO is extensively used for controlling the rubidium lab experiments.
A practical problem with directly using interactive front panel communication on
FPGA is that if any change to the program is done (either in terms of logic or by
mistake), it requires a recompilation. This can be daunting if the experimentalist
wants to try out various combinations of same steps in the experiment. Our method
of solving this problem culminates into building a centralized control interface for the
upcoming Na-K experiment. This controls a PXI system with various modules for

generating the required signals



Appendix E

Units of the SN spectrum

To compare the units used for the spectrum in this thesis, we have performed a separate
experiment where the spectrum for photon shot noise (PSN) of the probe laser beam
has been detected with various RBW (such as 0.1, 1, 10, 50, and 100 kHz) of the SFSA.
We have performed the experiment with a reasonable scanning span of the internal local
oscillator (LO) of 20 MHz of the SFSA in the vertical unit of Watts. Thereafter, we
have normalized each detected spectrum with their corresponding RBW (let’s say n
kHz), in the unit of W/Hz and designate it as PSN (“n” kHz). We took the ratio
of consecutive normalized PSN and shown in Fig. E.1 (b), and turns out that the
ratio is always one for the five measurements shown in this picture. This experiment
verifies that the spectrum detected in the Watts unit is linear and gets normalized
with respect to the RBW of the spectrum analyzer, which clearly verifies that the
unit for it is W/Hz. However, we have performed a similar experiment for amplitude
spectrum (spectrum detected in volt unit) and observed that the normalized spectrum
is obtained when the detected signal is divided by the square root of the RBW. This

—-1/2

confirms that the units for the amplitude spectrum is V/Hz~ /. We have also verified

the fact that these two units are connected by the load resistance of the SFSA.

The absolute noise floor of generated noise from all sources. All the inde-
pendent noise sources contributing to giving rise to the final spectrum are uncorrelated.
Therefore, the cross-term vanishes while processing the data using the FFT algorithm,
and the contributions from individual noise sources are added up separately in the
detected spectrum. Such an observation is shown in Fig. E.1 (a). In this graph, we
have shown a series of spectrum contributing from various sources related to the ex-
periment. The navy spectrum shows the electronic noise floor of the SFSA and the
red trace shows the spectrum when the detector is connected to the SFSA without

exposing it to the probe laser beam. The blue spectrum shows the PSN floor of the
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Figure E.1: (a) Depicts the individual noise floor from all sources of the experiments,
such as, spectrum analyzer (navy), detector (red), probe photon shot noise (blue),
and atomic spin noise (pink). (b) Clarify the units used for SN power spectrum in
Watts/Hz. In this unit, the detected power spectrum is normalized with respect to the
resolution bandwidth (RBW) of the spectrum analyzer (SA). Here the PSN (“n” kHz)
signifies the photon shot noise of the probe beam measured with “n” kHz RBW of the
SA, and normalized with respect to that RBW. The ratio of such PSN with different
RBW is shown to confirm the unit of the power spectrum is W/Hz (see text).

probe laser beam when the atoms and magnetic fields are not present. In the end, the
magenta spectrum shows the spin noise (SN) of the thermal atomic spins that give rise
to the top of the PSN floor. The data shown here is in units of W/Hz. Therefore, the
SN signal of the spin system can be extracted by subtracting the magenta trace from

the blue trace.



Appendix F

Derivation of the driven SN signal

using Heisenberg—Langevin equations

F.1 The Hamiltonian

The Hamiltonian (H) of the 3LS (H3.5), the Raman beams (Hg), and their interactions
(Hine) within the RWA can be written as [233]:

H p—
Hars

Hsrs + Hint + Hr, (Fl)

wi [1) (1] + w2[2) (2] 4 ws[3)(3], (F.2)
Z [wksagsaks + Wksblsbks]a (FS)
k,s=s1

g1l(afy, + bk ) B3] + 13) (1] (aks, + brsy )]

g2(al, +0L,)12) (3] + 13) (2l (s, + brsy)]. (F.4)

Here, al, (ax,) and bl (bys) are the photon creation (annihilation) operators of the

two Raman radiation fields propagating along the z—axis. The symbols s = sq, 5o

denotes the polarization (circular and linear) of the Raman fields. The energy of the

three Zeeman states are represented by Aw; (i = 1,2,3). The frequency wys of the fields

are linearized centred around some frequency w, with a dispersion relation wys = vyks

where v, is the group velocity. The coupling amplitudes of the beams with the 3LS

are ¢i, g2, which we take here to be independent of frequency resulting in Markovian
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dynamics. The Raman beams are in the coherent state |Es,,wq, ), | Fs,,ws,) satisfying:

ks, (t0) | Fsyyws,) = O(wrsy — Wsy ) Esy | Esyy ws, ), (F.5)
Agsy (t0)| Esyy wsy) = 0, (F.6)
bis, (to)| Esy ws,) = 0, (F.7)
brsy (10)| Esyy Wsy) = 0(Whsy — Wsy ) Fsy | Esyy Wsy )- (F.8)

where we assume that the Raman beams are propagating along the same direction to
couple the valance electron in the A-type 3LS. Here, E,, and FE;, are the amplitude of
the Raman beams, and w,, and w,, are their frequencies. We find that 15 = ¢, E, /v,

and ng = ggESQ/’Ug.

Sources of dissipation in spin systems. We can further add interactions of the
electron with some baths of bosons, e.g., phonons, causing different losses such as

dephasing and non-radiative decay.

H;;SS - Zk: W [d;kdl,k + d;,kdlk + d;kd&k + fkafl’k
v Htal (£.9)
V;‘;t = Gind! 1) (3] + Fad) ,[2) (3] + Ad] 1) (2] + h.c.)
+ Ak + FL)BYGI+ Ml fose + fL0)12)2, (F.10)

where d; i, da 1, d3 , are the annihilation operators associated with the dissipative bath,
and f1, fo; are annihilation operators associated with the dephasing baths coupled to
|1),]2), respectively. The 3LS and bosonic bath fields are considered to be uncoupled

and uncorrelated at time ¢ = .

Definition of atomic operators. Let us define different transition operators of the
3LS as following: o = [3)(1], uf = |2)(3],v" = |1)(2]. Within such transition operators,

the Hamiltonian of the 3LS and interactions are redefined as

H

%LS = wiv'v + w4 wso'lo, (F.11)
Hin

A L = gillal,, + L))o + 0 (ars, + brs,)]

+ 92[(%132 + bLSQ)MT + (A, 4 brsy)]- (F.12)

We shall theoretically derive the Raman driven spectrum using two different ap-
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proaches, namely: Heisenberg-Langevin equations and phenomenological master equa-
tions based on OBEs. We will compare the experimentally obtained driven power
spectrum with the formula derived using OBEs, and extract the information about

intrinsic spin coherence rate between the ground Zeeman states.

F.2 Heisenberg-Langevin equations

We send the Raman laser beams on 8”Rb atoms at time ¢ > t,, and write the Heisenberg
equations for the operators of the 3LS and the radiation fields. We formally solve the
Heisenberg equations of the field operators, and substitute those solutions in the Heisen-
berg equations of the 3LS’s operators which then have the form of quantum Langevin
equations. Finally, we take quantum expectation of these Heisenberg-Langevin equa-
tions of operators of the 3LS in the initial state |p) = |E;,,ws,) ® |Es,,ws,) of the

Raman beams. We define following variables:

Sit) = (o®)10, S (1) = (o1 (Do(t),
Si(t) = (IO, Sinlt) = (D)
Su(t) = (u(Be ),

where (A(t)) = (p|A(t)|¢). The Heisenberg-Langevin equations after the quantum
expectation can be written in the form of a differential matrix equation as following
233, 309-311]:

dS(t

0 prsiyvn -
where & = [Sl, SQ, Sg, 8117 522, S;, ;7 SﬂT, and Q = [0, 0, iQQg, O, 2’}/37 —iﬁgg, 07 O]T
We introduce the detuning of the Raman beams from the corresponding transitions as
A1z = ws, — w3 +wp and Agy = w,, — w3 + wy. We further write the Raman beam
induced decay rates as I'; = mg?/v, (i = 1,2), and the rates of different losses as

v =772 /vy (j = 1,2,3) and \; = mA2/v, (i = 1,2). Finally, we present the matrix M
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governing the Markovian dynamics of electron in the 3LS:

i1 —i{do3
—ifls —i (¢G5 — )
0 13
M — 1213 0
L 0
0 0
0 0
0 0

0
i3
—iG3

—ifs —2(2(T1 +T2) + 71 +72)

0

0
0
0

where the complex variables are:

i3
0
—2is

22l + 91 —3)
2iCys
0
—i)3

Cl = A13 +Z(2F1 + 2F2 +’}/1 +’YQ + )\1),
G =2Do3+i(201 + 20 + 71 + 72 + 13+ A1 + A2).

—13 0
0 0
—if)o3 0
0 1293
—273 0
€293 iC2

0
0
0
0

0
—1{)i3

0 —ifhs (G —G)

’ing 0

€223

Since the matrix M and €2 are independent of time, the steady state of the 3LS would

be time independent, and independent of initial conditions as long as it exists. Due to

the presence of dissipative terms we can assume the system will reach steady state as

time tends to infinity. The steady-state solution of the variables can be obtained from

S(t—o00)=M1Q,

(F.14)

which we shall use to find Sy(t — 00) (= S2(00)) for our later purpose.

Ground-state coherence.

state spin coherence of ' Rb atoms driven by the Raman beams as

P(w)

1 oo

2r ) o

%Re[/ooo dre™T (VI (t + 1)v(1))].

dre™™ (Vi (t + T)v(t))

Let us now define the power spectrum for the ground-

(F.15)

0

0

0

—i{)3

1213

0
i€do3
—iCy
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To evaluate the ground-state coherence, we need to find two-time correlators of the

atomic operators. For this, we now introduce a set of two-time correlators:

(1) = {o(t+ 7)u(t))ellenTHwnt=to)

(1) Wt + T)u(t))e!@s —ws2)T,

(7) (u(t + T)u(t))e 1w Hom (t=to),

(1) = (ot (t+ 7)ot + T)u(E))e ) tt0)
Sa(r) = (Wt +T)p(t+ r)u(t))e "m0,

(1) =« ( |

(1) =«

(1) = ¢«

,MT(t—i-T)I/ t) zw52 (T42(t—t0))—ws, (t—to))

v(t + T)V(t)>e_l(“’sl_“’82)(T+2(t_t0)),
ot (t + 7)w(t))e i@ (T+2t—t0)) —ws, (t=to))

=MS(1)+ €, (F.16)
We can derive an expression for P(w) from our theory:

L (1w) + I (@) + 152(00) P8(w — way + 01y),

Plw) = 2m

(F.17)

where the first part is contribution from incoherent scattering in the nonlinear regime
at large (13 and ()93, and the second part is due to coherent scattering which is what
we mostly observe in the experiment. These sharp peaks appear at spectral frequency
W = W, — Ws,, and the peak heights are weighted by a Lorentzian-like envelope given
by [S2(00)[2. We can achieve a simple expression for |Sy(00)|? when Q3 = Qg3 = Q,
I' =T9 =T and Ayz — Aj3 = Agy:

|93 (00)|?
Q4(6412A2, + (A2, — 402)?
(A3,(3212 + A3, + 2A03A3) + 2A3,Q2 + 8Q4)2°
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Appendix G

Popular article based on the thesis

work

Article title: Human perception of magnetic fields

Some of the inherent capabilities typical to a class of animals may seem strange to
humans, but always beyond our imagination to possess it. Case in point: the forecast
of an earthquake by some wild animals, birds’ vision of the world beyond our defini-
tive color spectrum, or for that matter, the most commonly known yet peculiar one,
emission of ultrasonic waves by bats for navigation. However, there is no end to such
amazing abilities of animals. Nevertheless, what surprised me the most as a child, for
an animalistic trait, was the accuracy with which migratory birds could travel across

countries, and often, continents.

During one of my visits to the Chilika Lake in the coastal state of Odisha as a
teenager, I saw innumerable birds of different colors and sizes, and I was convinced
about their migration from afar. At that time, I heard that these birds migrate from
Russia, Siberia, Mongolia, Iraq, Iran, Afghanistan, or even, close home, from the Hi-
malayas, every year during the harsh winter, and move in to the more comfortable
coastal areas, like the Chilika. Moreover, right as the winter tends to give away to the
mild spring, they move back in flocks to their “own” countries. Later, I learned that
these birds could sense and follow the geomagnetic field lines and that was the reason
for their accurate landing and taking flights at different locations across the globe.

According to scientists, there is a massive and powerful bar magnet right at the
center of the earth, generally referred to as the geomagnet. The strength of the geo-
magnetic field is quite low on the surface of the Earth ranging between a quarter and

a half Gauss. To put that into perspective, the magnetic field produced from a typical
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refrigerator door magnet is about hundred Gauss. The geomagnetic field lines emanate
from the southernmost tip of the Earth, i.e., the South Pole, and encircle across the
globe until they reach and end at the North Pole. Birds possess a particular kind of
protein in their eyes, called Cryptochrome, which help them in sensing and following
the geomagnetic field lines (see Fig. 1(a)). Migratory birds use this ability to assess
the altitude and direction as they move. While as humans, we use google maps for this
purpose.

However, it is not just birds that can sense the geomagnetic fields; there are a
lot of other animals as well who use this ability to navigate through their journey.
Red foxes in North America use the geomagnetic field lines as a rangefinder in order
to accurately jump and pounce on their prey, turtles use this sensor to locate their
homes in the depth of the seas. Different kinds of dogs, snails, frogs, lobsters, fishes,
(especially whales and eels) as well as insects and bacteria have the ability of sensing
the geomagnetic field lines.

Now, the obvious question that springs up in our minds is: Can humans also perceive
the geomagnetic field lines? Recent studies have shown that some humans actually can
sense these field lines in certain situations, although the evidences are not conclusive
enough yet, and research is still going on to this end. However, one thing can be said
that humans have not been able to navigate through by sensing the geomagnetic field,
or at least, yet. In simpler terms, humans cannot “see” the fictitious faint lines of
geomagnetic fields.

Nevertheless, with the advancement of science, particularly in physics and medical
sciences, over the last few decades, the bio-magnetic fields originating from the brain,
heart, liver and some other organs of humans can be traced and measured. There are
two processes in which magnetic field can be generated in human body:

A. Organs as brain, heart etc. create an electric current while performing bio-
informatics, and in the process, generate an extremely weak magnetic field.

B. Humans, while consuming food and during respiration, allow some magnetic
substances to enter and accumulate inside the liver, lungs or muscles, which in turn
create very weak magnetic fields.

Let us now try to look at the strength of such bio-magnetic fields. The strength
of the field created in A. is about one part in ten millionth of the geomagnetic field,
while in that of B., it is about one part in a million. Such feeble magnetic fields
are not even felt by birds and animals. However, humans, with the aid and advent
of science and technology, can measure such fields. In the Magnetoencephalography
(MEG) technique (see Fig. 1(b)), based on the distribution of bio-magnetic fields,

internal composition of brain can be imaged as well as examine the activities involved,



197

while in the Magnetocardiography (MCG) technique, the efficiency of heart can be
examined. At present, scientists can measure a magnetic field of almost any strength,

as well as trace the field lines accurately. Down below is an explainer in lucid terms.

Earth’s north pole
\

(a) (b)

A A A A A A A A Ara

| | 1 I I I 1 1 I |

| | 1 I 1 1 | |

Laser I R R ] (R

1 | | | I 1

1 | 1 | |

| I | 1 ]l] I

1 I 5 L1 1 1 | I

1 | 1 I T 1 I |

1 | 1 1 | | 1 1 | |

L L T L Spectrometer
(c) Magnetic field lines

Figure G.1: (a) Birds’ perception of geomagnetic field lines. Picture credit: Google.
(b) Electron’s spin precession in a magnetic field emanate from human brain: basics
of MEG (brain) imaging. Picture credit: Human brain has been taken from Google.
(¢) Simple schematic of the magnetic field measurement setup. Yellow signal (taken in
our laboratory) on the spectrometer provides the accurate measurement of magnetic
field where the electron’s spin is precessing.

Scientists take the help of one of the most fundamental particles of an atom called
electron, to measure the magnetic fields. It is a well-known fact that everything around
us in this universe is composed of the infinitesimally small atoms. While the size of an
atom is just a millionth part of a human hair, it is the ruler of its own kingdom. Nucleus,
as the name suggests, lies at the heart of the atom, and as the planets revolve around
the sun, electron rotates about their own axis while revolving around the nucleus. The
rotation about its own axis is regarded as electron spin, which is an intrinsic property of
electrons. Because of the electronic spin, a magnetic dipole is generated in the electron.
Due to this magnetic dipole, electrons, when entering the field of any magnetic matter,
starts to precess along the direction of the field lines like a spinning top. How fast
it precess? That depends on the strength of the magnetic field. If the magnetic field

strength is more, it precess in a faster rate and if the magnetic field strength is less,
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it precess slowly. Now, all that is left for us is to measure this speed of electron spin
precession with precision to establish a correlated measurement of the strength of the
magnetic field in which the electron revolves along. That problem was solved by the
discovery and fruitful utilization of spectrometers (see Fig. 1(c)). Recent studies have
shown that using this technique, direction and field strength as low as one billionth of
the geomagnetic field can be measured with high precision. Scientists claim that using
this technique, magnetic fields with strength even lower than those of bio-magnetic
fields can be determined with precision, opening doors for many fundamental studies in
physics and chemistry, which have remained as open questions until now. Furthermore,
in earth sciences, a precise measurement of magnetic field enables geophysicists to get
the pinpoint locations of the minefield containing minerals and oils.

Thus, it can be said that humans have taken the aid of simulation of measuring
electronic spin precession to perceive a magnetic field, which birds and animals do by
their own inherent capabilities. While humankind might not have been as “blessed” as
the other organisms of the animal kingdom, it sure has utilized one inherent property-
curiosity, to its fullest, in order to develop science and technology to such a level as to
match, and at times, (like this precise measurement of magnetic field) even better that

of the others in the kingdom.
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