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ABSTRACT

The computational work in this doctoral thesis describes the virtual realization of an atom
interferometry based gravity gradiometer aiming at an accurate determination of the Newtonian
gravitationa constant G. The experimental design and interferometric schemeis different from
all the measurements published so far. This virtua realization aims on the cancellation of
ambient gravity gradients from their exact - conjugate fictitiously generated gravity gradients
from our scheme, therefore resulting in arelative accuracy of 10 using only 10* atomsin each
cloud. Precise simulations are developed meticulously incorporating al the aspects of
interferometric scheme with well - characterized tungsten source masses measuring the phases
accumulated by the atomic clouds traversing the path resulting from Mach - Zehnder
gravimetric sequence in the presence and absence of the aluminium platform supporting the
new configuration of source masses. One other possible source mass design made out of copper
(assuming the geometrical configuration analogous to the aluminium platform) is also
considered, so as to complete a comparative study of phase acquisition dueto different designs
of source masses arising from different total gravitational potentials and material densities.
These precise simulations also target at achieving the phase noise minimization for the
interferometric signal in presence of gravity, as aresult to completely eliminate the presence
of systematic errors. The simulation in this thesis incorporates a presence of a finite - sized
solenoidal coil affecting only second half of the upper interferometer resulting in the opening
of elipse, henceforth the systematic errors which are faced while performing the liptic fit will
be completely eliminated. The gravity gradiometer as per the new design in the thesis is
currently being built for the measurement runs of continuous data acquisition to be possible.
The phase noise minimization condition for the modified experimental scheme has been
performed and is reported in this thesis. Lastly, the gravity gradient cancellation for both the
two source mass designs with a relative uncertainty of 0.1%, 0.5% and 1.0% have been
performed and is reported in this thesis.
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Chapter 1

Introduction

The work that we present in this thesis lays a computational foundation of a
vertical fountain Atom Interferometer (AI) which can be used to perform high
- precision measurements of Newtonian Gravitational Constant G through
atom interferometry. This apparatus will be also useful for performing high
sensitivity gravitational tests and realizing measurements of earth’s gravita-
tional acceleration (atom gravimetry) and the gravity gradients (atom gra-
diometry). This thesis completes two major targets; to minimize the phase
noise in the interferometric signal and to cancel the gravity gradients.

In this first Chapter, we introduce the subject and motivate the topic of
atom interferometry. We start with analogy between light and atom interfer-
ometers and end stating briefly how G is measured using MAGIA apparatus
with description of thesis organization.

1.1 Light interferometry and Atom interfer-
ometry

An Atom Interferometer (AI) exploits the wave nature of matter resulting
in the phenomenon of interference between two or more matter wavefronts.
The data occuring from interference yields information about the atoms and
related parameters of interest (for example, gravitational acceleration, New-
tonian gravitational constant, gravity gradients, etc.). In this regard, an
atom interferometer becomes conceptually analogous to a standard light in-
terferometer, subject to following key differences:

e Roles between matter and light are exchanged: Considering a light in-
terferometer, a coherent beam of light splits and follows two differ-
ent optical trajectories; the trajectories of these two light beams are
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steered using material components (i.e., glass beam-splitters, mirrors,
gratings, etc.). Just after the light beams interfere, their intensity dis-
play an interference pattern as a function of the relative optical path
length. Whereas, in an Al, the mirrors and beam-splitters (optical
components) are realized with laser pulses. These light pulses are pro-
duced by two counterpropagating vertical laser beams. Manipulating
laser frequency detuning and photon momenta, these light pulses can
behave analogous to mirrors and beam-splitters as it happens in light
interferometer. The production of these mirror and beam-splitter laser
pulses is detailed in Section 2.1.1.

e In an Al the probe particles are affected by gravity: Atoms being mas-
sive particles possess a high sensitivity towards earth’s gravitational
field and other environmental conditions (like inertial effects and ac-
celerations). The interference of atoms caused due to an Al contains
information about variation of earth’s gravitational acceleration. This
is so because an atom experiences slightly different gravitational accel-
eration at different altitudes, leading to existence of a non-zero gravity
gradient.

It is well-known as it has been demonstrated in a large variety of ex-
periments that light and matter particles both possess a dual nature and
behave in similar ways, depending on the experimental configuration, either
as quantum particles (photons - massive particles) or as waves (light waves -
matter waves). Al is indeed a classic experimental example of wave - particle
duality. This wave - particle duality is explained by an Al as follows: Con-
sider a two - level atom with a well - defined ground state and a first excited
state, freely moving in a certain direction. When the atom with this internal
state structure is irradiated by a light pulse coupling the two internal energy
levels, its original wavefunction splits spatially into two wavefunctions each
having equal amplitudes. The idea is that after interrogation, the atom is in
a superposition of the two internal states, but with different momenta. The
two internal states will have equal amplitude only if the atom is irradiated by
a m/2-pulse. These two parts of the wavefunction traverse different trajec-
tories experiencing different local forces and acquiring different momentum
states. When these two wavefunctions are recombined using light pulses,
an interference pattern is generated such that the internal state population
becomes a function of the relative phase accumulated on the two different
atomic trajectories.

As stated earlier, atoms being massive particles with a high sensitivity to
environmental conditions (like inertial effects and accelerations), pose as a
good probe for examining fundamental tests like UFF (Universality of Free
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Fall) in the field of gravitational physics [1, 2, 3, 4, 5, 6]. Atoms being intrin-
sically sensitive results in access to increased degrees of freedom with several
possibilities to manipulate them. Furthermore, Al sensitivity depends essen-
tially on two features: free evolution time and momentum transfer. Stimu-
lated Raman transitions are used to obtain a considerably large momentum
transfer. In a recent work [7], Mach-Zehnder interferometers with momen-
tum separation of up to 141hk and gradiometers of up to 82hk have been
demonstrated.

1.2 Atom interferometers as inertial sensors

The choice of neutral atoms to perform interferometry as a probe for re-
vealing quantum behaviours arose from the first matter-wave interferometer
which was realized in 1947 by Enrico Fermi [8], the experiment used slow neu-
trons being diffracted (via Bragg diffraction) by crystal planes with different
chemical compositions, resulting in the measurement of the relative sign of
the neutron scattering length from different nuclei samples. Some years later
the first matter-wave interferometry experiment on electrons was performed
using a Mach-Zehnder interferometric scheme arranged with crystals of few
hundreds of atomic layers as mirrors [9, 10, 11]. As time passed, it became
clear at one point that the electrically neutral atoms (neutral matter) were
a good choice to perform atom interferometry measurements with a scope
of building high sensitivity devices for acceleration detection due to reasons
like: possibilities of producing very cold samples by laser cooling and other
techniques, manipulating atoms with laser fields thus easily realizing beam
splitters and mirrors, a good control of the atomic velocities and therefore
the interrogation times. Moreover, for scientists working in the field of in-
terferometry, atoms were preferred over neutrons for one main reason that
neutrons are difficult to produce in the laboratories. Taking this reason into
the account, several research groups around the world started to realize Al
experiments [12, 13, 14, 15].

Till the date, the field of atom interferometry has gained recognition via
different experiments across the globe carrying out precise measurements of:
Newtonian Gravitational Constant [16, 17, 18, 19, 20, 21, 22, 23, 24, 25,
26, 27, 28], h/m [29], h/m, [30], h/mcs [31], h/mna. [32], atomic polariz-
ability [33, 34|, gravity acceleration [35, 36, 37], curvature [38, 39], Earth’s
gravity gradient [40] and gravity gradient sensitivity [41], fine - structure
constant [42, 43] and rotations [44, 45, 46, 47]. Another example is the
use of Als for testing the Einstein Equivalence Principle [48, 49]. Different
experiments have attempted to determine the values of many fundamental
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constants precisely for geophysical applications and metrological interests
(16, 17, 19, 20, 21, 22, 23, 24, 30, 50, 51|. Accelerometers based on the
concept of atom interferometry are employed for many practical applications
including metrology, geodesy, geophysics [52], engineering prospecting and in-
ertial navigation [53, 54]. Ongoing studies show that the space environment
will allow to take full advantage of the potential sensitivity of atom inter-
ferometers [55, 56, 57]. In past, two new interferometer schemes based on
multi-photon transitions have been developed and demonstrated [58]. About
more than a decade ago, one of the research works [59] quote about general
relativity tests at unprecedented precision level. From a technological aspect,
designing different transportable apparatus [52, 60, 61] requires noteworthy
efforts to compactify systems of optics and electronics side-by-side developing
robust laser locks [62].

A precise determination of the acceleration due to gravity g and of its gra-
dient have important applications in several scientific domains. Geophysics
and metrology pose as two common examples, but also more practical ap-
plications can be found in exploratory initiatives for underground resources
(oil, water, etc.). In this context, transportable devices are engineered and
assembled for mapping Earth mass anomalies, for monitoring behavior in
volcanoes and also to measure gravitational changes before the happening
of earthquakes. Nowadays, atomic gravimeters are available as commercial
products.

1.3 Measuring G with atom interferometry

The acronym MAGIA stands for Measurement of G' by Atom Interferometry.
This state-of-the-art experimental apparatus (Figure 1.1) had its destiny to
precisely measure the Newtonian gravitational constant G. The experiment
fulfilled its destiny in 2014 [16]. In the following years, the apparatus re-
alized several other gravitational measurements [35, 38, 48, 66]. However,
in order to understand the particular design of the MAGIA setup, we shall
briefly describe the principle of the G determination stating the reason for
its relevance.

Among many fundamental constants, this fundamental quantity G is
known with the highest relative uncertainty. The last CODATA recom-
mended value is:

G = 6.67384(80) x 107 "'m?Kg s (1.1)

holding a relative uncertainty of 1.2 x 10~*. The particular nature of the grav-
itational force poses several difficulties in the experimental determination of

8 CHAPTER 1. INTRODUCTION
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the constant G. Since gravitational force is long - ranged and extremely weak,
it exercises control over large neutral masses, henceforth leading to big sys-
tematic effects in laboratory experiments. Due to this reason, all the classical
determinations of G which lay their foundations as macroscopic suspended
masses, i.e. torsion pendulums, or free-falling corner cubes incur from in-
evitable systematics which become strenuous to characterize. Whereas, atom
interferometry provides an alternative method for high - precision measure-
ment of G with a completely different systematic budget from the classical
experiments and it can be used to validate one of the previous inconsistent
measurements thus reducing the relative uncertainty on G.

In the MAGIA experiment [18, 19], G is determined from the measure-
ment of the differential acceleration experienced by two samples of cold 87 Rb
atoms when in presence of a well characterized set of tungsten source masses.
Repeating the measurement for two different source masses arrangements,
namely CLOSE and FAR, the interferometric phase imprinted on atoms con-
tains solely the effect of the masses along with simultaneous elimination of
the phase contribution from gravitational field of earth. Having an accurate
knowledge of the source mass distribution, the value of G can be measured
with a high precision. With a relative uncertainty of 150 parts per million,
the value of G measured from MAGIA experiment is:

G =6.67191(99) x 107 ''m*Kg~ts2 (1.2)

1.4 Motivations and Objectives

In this thesis, we computationally implement a new design highlighting two
crucial steps - the first step is to minimize the phase noise in the gradiometer
signal, and, the second step is to build a new configuration of source masses
[63], thereby pushing the relative accuracy beyond 10~%. This combination of
phase noise minimization in the interferometric signal along with an imple-
mentation of new design of source masses will pave the way towards a precise
determination of G using laser-cooled atoms and quantum interferometry to
probe gravity.

Primary objective with motivation: The motivation and approach behind
phase noise minimization is explained as follows. During the Mach - Zehnder
interferometric sequence, two spatially separated atomic clouds are launched
using moving optical molasses technique along the fountain axis, exhibiting
a free fall motion. Subsequently, they are simultaneously interrogated by the
same Raman beams [16, 17, 35, 48]. As a consequence, the retroreflecting
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Figure 1.1: Overview of the MAGIA with source masses working in two
different geometrical configurations: CLOSE (left) and FAR (right), used
for the double differential measurement of GG. Cold atomic clouds of 8 Rb
are prepared in the trap chamber (at the bottom of the setup) in a 3D-
MOT (three - dimensional magneto - optical trap). Two cold atomic cloud
samples of 87 Rb are launched vertically inside the interferometric tube using
moving optical molasses technique. When the clouds are in the vicinity of
their respective apogees, their vertical acceleration is measured using pulse
sequences of a Mach - Zehnder atom interferometer. This measurement is
conducted in both CLOSE and FAR geometrical configurations of the source
masses.

10 CHAPTER 1. INTRODUCTION



Development of a New Apparatus for Precision Gravity Measurements with
Atom Interferometry

mirror vibrations impact both the upper and lower clouds (behaving as si-
multaneous upper and lower interferometers) resulting in a correlation among
their interferometric signals. Lissajous figures (representing interferometric
fringes) are obtained [17] and the phase difference is extracted by fitting point
distribution with an ellipse. In fact, the two fringes can be described with
independent amplitudes and the vertical offsets, and with a relative phase
difference (®). Furthermore, due to the presence of systematic errors in the
method of elliptic fitting, the small differential phases (®) were not accurately
fitted with the ellipse fitting method [17, 20], so, it is convenient to add an
external and well-controlled relative phase shift in order to have a differential
phase of about 7/2. This differential phase requirement was derived from a
simulation performed previously [17], where the noise level and the ellipse
angle were varied for the noise - produced effects on the estimated value of
®, also a bias depending on both the noise and the ellipse angle itself; in
particular, is minimum for ® ~ 7/2 was found [17, 20]. Whereas, in the case
when systematic effects are independent of k., for each measurement the
k-reversal procedure [64] can be applied.

Secondary objective with motivation: Gravity gradients present a vital ob-
stacle in high-precision measurements using atom interferometry. Controlling
their effects to the required stability and accuracy imposes very compelling
requirements on the relative positioning of freely falling atomic clouds, as in
the case of precise tests of Einstein’s equivalence principle. The crucial sim-
ulations presented in this thesis are developed meticulously incorporating all
the aspects of interferometric scheme with dense, cylindrical — shaped tung-
sten source masses, measuring the phases accumulated by the atomic clouds
traversing the path resulting from Mach — Zehnder gravimetric sequence in
the presence and absence of the aluminium platform constituting as first new
configuration of source masses. The second new configuration marks a torus
— shaped block created from a consecutive stacking of 43 torus — shaped cop-
per rings, inflicting phases on the atomic clouds traversing Mach — Zehnder
trajectory. This second configuration assumes the geometrical configuration
analogous to the aluminium platform of the first configuration. This crucial
research is conducted so as to complete a comparative study of phase acquisi-
tion due to these two different designs of source masses arising from different
total gravitational potentials and distinct material densities. The second
source mass configuration is carved out of copper because it is a material
which is pure, homogeneous and less expensive, and in our case it assumes
simpler geometry as compared to the tungsten cylindrical blocks from the
first configuration. In simple words, all this is done so as to witness the im-
pact of gravitational potentials created from different materials (possessing
different densities and geometries) on the cloud of cold 8 Rb atoms.

11
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Now we explain the motivation behind gravity gradient cancellation.
When we cancel the gravity gradient with a recently discovered technique
[65], the ellipse (a Lissajous figure representing a plot of relative upper ver-
sus relative lower populations of the atoms in the two clouds) degenerates
into a line marking a zero phase shift. Our scheme of phase noise minimiza-
tion which employs a finite-sized solenoidal coil will affect only the second
half of the upper interferometer (upper cloud). Due to this, the ellipse can
be completely opened. Henceforth, the systematic errors which are faced
while performing the elliptic fit will be vanished. Also, as per the standard
gradiometric scheme, it is technically challenging to produce a pair of ultra-
cold samples and routinely place them with a minimized spatial resolution
[16, 17, 20]. The new procedure [65, 66] simulates the effect of a gravity
gradient on the atomic trajectories in the sense that it is able to generate a
fictitious gravity gradient. In our simulations, we applied this technique [65]
to two simultaneous interferometers positioned along the vertical direction
to computationally simulate this effect for measuring local gravity gradients,
void of requirement of the precise knowledge of relative position between the
atomic clouds [66].

1.5 Thesis Outline

The experiment to be performed in near future is described in this thesis
taking into account all theoretical aspects, but mainly from a computational
point of view for experimental physicists. Firstly, from a complete theoretical
introduction on the basic tools for improving the gradiometric signal in the
experimental sequence to the theory and formalisms for Raman transitions
are presented in Chapters 1 and 2 respectively. Chapter 2 ends with applica-
tions in this emerging field of atom interferometry. An overview of the terms
contributing to the phase shift, useful for systematic studies, is reported at
the end.

Chapter 3 explains the modified experimental sequence for the virtual
realization of this new experiment in a clear way, presenting an account of
the mathematical description underlying the basic idea of the scheme.

Chapter 4 presents itself as a complete study of the phase noise minimiza-
tion in the interferomteric signals (in the presence of gravity) with successful
results. In addition to this, the last section of Chapter 4 also describes a
workable design (with related calculations specifying physical parameters) of
two - dimensional magneto - optical trap compatible with the new design of
the experiment presented in this thesis.

Chapter 5 contains a detailed description of the two new designs of source

12 CHAPTER 1. INTRODUCTION
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masses and phase calculations including compensation of ambient gravity
gradients underlying results stating a relative accuracy of 107, which is
achieved while cancelling the real gravity gradient with a fictitious gravity
gradient [66], all of which is reported here.

The thesis ends summarizing the results obtained, and, the future scope
for the experiment in Chapter 6. Lastly, all the important simulations which
produced the results are documented in the thesis, provided as Appendices.
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Chapter 2

Atom Interferometry:
Theoretical Background

In this Chapter, we shall describe theoretical formalisms useful to introduce
Atom interferometry. In the beginning, we shall illustrate a simple case of a
two-level atomic system irradiated by a monochromatic photon source. In our
next step, stimulated Raman transitions will be introduced with an outlook
of multi-level atomic configuration interacting with two counter-propagating
light beams. Experimental parameters and variables, that will be used in this
thesis, are introduced in order to make the reading easier and more directly
comprehensible. The main physical phenomena that can induce a phase
shift in the interferometer signal are separately considered and analytical
expressions for the different phase terms are derived wherever necessary.

2.1 Atom - light field interaction

2.1.1 Two - level atom interacting with travelling waves:
Rabi oscillations

Let us consider a simple two - level atomic system with ground and excited
states marked as |g) and |e) respectively, with their corresponding energy
eigenvalues as hw, and hw,.. In this mathematical treatment, we will omit
spontaneous emission, because here the first excited state |e) is stable enough
during the pulse sequence is between the magnetically insenstive hyperfine
energy levels |F = 1,mp = 0) and |F = 2,mp = 0) in " Rb. Energy levels
lg) and |e) are coupled by an incoming electromagnetic field of frequency w
with a corresponding wavevector k.
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In the rotating - wave approximation, the Hamiltonian is given by:

~
9
P

P i(kFf—w * _—i(k.F—w
H = Lo haele) (el +huglg) (gl +REED]e) (g + e ED]g) (o] (2.1)

The above Hamiltonian equation consists of three crucial elements: kinetic
energy of the atom, in which the momentum operator :jj acts upon mo-
mentum part of the relevant state, diagonal matrix element Hamiltonian
- Hp = hwele){e| + hw,y|g)(g|, and lastly, the off - diagonal matrix element

Hamiltonian - Hoq« = hQe!®=8)|e) (g + Y e E™|g) (¢|. This implies:

)
H="L" 4 Hp+ Hoq- (2.2)
2m

Here, €2 is referred to as Rabi frequency. Rabi Frequency is a measure
of atomic population fluctuation between |g) and |e) states, therefore cou-
pling the ground and first excited states. Mathematically, Rabi frequency is
expressed as:

diy B
Qygy—jey = —'QHH‘ > (2.3)

where Cﬁg>—>\e> is the transition dipole moment for the transition: |g) —

le), whereas Ey = ¢E, marks the amplitude of electric field vector from
the incoming monochromatic electromagnetic radiation. The reason which
explains the existence of a complex conjugate of Rabi frequency in the fourth
term of equation 2.1 is that the polarization € can be complex. For example -
in the case of a circularly polarized light, or, the electric field amplitude vector
for the case of plane wave is complex itself: Ey = |Eo|ei¢. This argument
clarifies the meaningful existence of 2* in the Hamiltonian for a simple two
- level atomic system illuminated by an incident monochromatic light.

Considering light travelling as a stream of photons, when atoms are il-
luminated by the first /2 — pulse, atoms receive a momentum kick from
the photon and they go from the ground state to an excited state. Basi-
cally, the atom is now in the superposition of these two states, equivalent
to understanding that the atom has two different trajectories spanned by
two momentum states. After half — time of the interferometric sequence, a
combination of a m and a 7/2 — pulse steers back the two different paths
of atom for it to reach a definite state. To be more clear and precise, we
will explore the scenario of a simple two-level scheme considering light as a
bunch of photons, which will take us towards the path of realizing mirrors
and beam splitters using laser pulses as done in atom interferometers.

16 CHAPTER 2. ATOM INTERFEROMETRY: THEORETICAL
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Since we are using the picture of photons interacting with atom [29],
the atomic states are labelled in the momentum basis by spanning into the
corresponding tensor products in Hilbert spaces:

|9, P9) = |9) ® |Pg)

and,
le, D) = |e) @ |pe)

Under the momentum basis, the spatial dependence arises via the transla-
tional operator:

=5y = |+ k) (2.4)

The above quantum state transformation expresses the well - known result:
Absorption of a photon with a wavevector k changes the atomic momentum
by hk. The light field couples the quantum momentum states |g,py) and
le, p. + hE).

For the sake of convenience, we employ the transformations |g) = e~*9!|g)
and |€) = e~™¢t|e) inside Hamiltonian terms of equation 2.2 as follows:

oo = h[Qei(E.F—¢(t))|é> (3] + Q*e—i(E~F—¢(t))|g><é|] (2.5)

Hp = hlwele)(e] + wylg) (4] (2.6)

with ¢(t) = 6t and 6 = w—w.+w,. Here, ¢ is known as detuning of irradiated
monochromatic light source. Hence, the total Hamiltonian becomes:

—

%9 - ‘
M = 2 QR0 ) 5] 4% 0 5) (] + Al [e) 6]+l )40
(2.7)

[\

The term % responsible for being an external degree of freedom and the
phase ¢(t) depending on both the laser frequency and on the internal energy
of the atoms play an important role in the phase shift calculation of an atom
interferometer.

The time evolution of a time - dependent quantum state |¢(t)) can be

expressed in terms of time - dependent coefficients a4 (¢) and a; 5, (¢):

—i|p+hk| % —i|p]%t

(1)) = Qe iy (D)IE T+ BR)e ™ 30— + ajg (1)), Phe 2mn (2.8)
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These time - dependent coefficients can be calculated by solving Schroedinger’s
equation:

L d|y(t
n D g0 (2.9
In the limit where ¢(t) is constant during the pulse, the probability of

finding an atom in state |e) after an interaction time 7 is then given by:
5 1
’a|e,ﬁ+m€> )" = 5(1 — cos Q27) (2.10)

The atom undergoes the well - known Rabi oscillations between the two
states |g) and |e). Two configurations relevant for atom interferometry in
the particular case where a,(to) = 1 and a4(tp) = 0 result in:

o Case - I: m/2-pulse: Qr =7/2
1

V2

[¥(2)) g, B) — ile, 7+ hkye "] (2.11)

e Case - II: m-pulse: Q7 =7
(1)) = —ile, j'+ k) (2.12)

From case - I, when the atom is interrogated with a 7/2-pulse, the photon
(carrying momentum hl;) from this 7 /2-pulse spans the atom into a coherent
superposition with equal wave packet amplitudes, resulting in the formation
of two different internal energy states. The wavepackets are separated by an
atomic recoil velocity v, = h|k|/m. This implies that 7/2-pulse plays the role
which beam splitter does in the classical optical interferometry. Similarly,
from case - II, we can conclude that if the w-pulse is applied to a superposition
state, the resulting atomic wavefunction is still a superposition state, but
with swapped momentum states, resulting in a mirror-like behavior. Note
that when the atom is in the ground state |g) a m-pulse corresponds to an
absorption of an incoming photon with energy hwy, and to the acquisition of a
momentum +hky, but when the atom is initially in the state |e), a stimulated
emission occurs so a photon with energy hAwy, is emitted copropagating with
the laser light and the atomic momentum changes by —hky. Hence, the
condition 27 = 7 results in behavior of w-pulse analogous to the role of
mirrors in the classical optical interferometry. Experimentally, this is done
by selecting the coupling parameters resulting in the conditions: Qr = /2
and Q1 = 7.

18 CHAPTER 2. ATOM INTERFEROMETRY: THEORETICAL
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/2 /2

Figure 2.1: Action of 7/2 - pulses on states [1) and |2).

Figure 2.2: Action of 7 - pulses on states |1) and |2).
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Let a1(t) and aq(t) be the amplitude probabilities of detecting the atom
in the corresponding state at a time ¢t. Let us now split in two terms, one
due to the interaction with the electric field and another one related with the
free evolution of the atomic wavefunction, hence the amplitudes in equation
2.8 and the Hamiltonian with rotating - wave approximation modify as:

—i|p+hE|2t

a1(t) = @y gy (B~ 5 = crft)e (213)
—i|p]2 .
as(t) = g (t)e mr = co(t)e ! (2.14)

_ P

o el 9, D) g, D1 + henfe, 5+ hkY(e,p+ hk| —d.E,  (2.15)

H
where w, and w, are the frequencies of the ground and excited states re-
spectively. Also, d is an electric dipole operator and FEj is the electric
field vector of the incoming coherent monochromatic laser field expressed
as: B = Eocos(sz— Qrt+ ¢r). In the rotating wave approximation [67],
one gets the following differential equations for the coefficients:

Q

iy (t) = §ei(At_¢L)02(t) (2.16)
y O _iatron)
ica(t) = - e c(t) (2.17)

Introducing generalized Rabi frequency Qg as:
Q¢ = VA? + 2 (2.18)

The exact solution for these time - dependent coefficients are reduced as
follows:

, Q A Q
() = Y2 | ¢1(0) cos el _ ic1(0) — sin el ) _
2 Qe 2

(2.19)
, Q . [ Qat
ZCQ(O)Q—GG L sin (TG)
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1 , P VI e Qat
co(t) = ] [ —icy(0)e™ 0 sin (T) + ¢2(0) cos <T> +

icg(O)QAG sin (%)

By performing a measurement of the atomic state as a function of the inter-
action time 7 one would find that the probability of finding the atom in the
states |1) and |2) periodically oscillates at frequency Qg:

Pdﬂ==<9£§§kiﬁa) (2.21)

(2.20)

Qc

and

Rﬂﬂ::<9ﬁﬁgfiﬁﬁ> (2.22)

Incorporating the scenario of an exact resonance (A = 0), the time-dependent
coefficients further simplify as:

c1(t) = ¢1(0) cos(Q/2) — icy(0)e "L sin(Qt/2) (2.23)
and
ca(t) = ca(0) cos(Q/2) — ici(0)e™r sin(Qt/2) (2.24)

In such conditions, if a light pulse of temporal length 7 is sent on an atom
initially in the state |1) its final state at the end of the interaction becomes:

|¥(T)) = cos (%) 1) + e@r=%) gin (%) 12) (2.25)

All relevant and useful information arising from |¢)(7)) is listed in Table 2.1.
Temporal evolution can be described using the two eigenstates |g, p) and

le, 7+ hE) with corresponding energy levels as:

[P
|1>:|gaﬁ>_>E1:hwa+%:hwl

7+ k>

2) = |e, 7+ hk) — Fy =
12) = |e,p’'+ hk) = Ey = hwy + o

hws
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Figure 2.3: Calculated probabilities P(7) of detecting a rubidium atom in
either state |1) (red) or |2) (blue) after an interaction with a light field for a
time 7, with A = 6.834 GHz and ) = 6.8 GHz.

[ Pube Type 7 [ Pi(7) ZONE
T 7.‘./9 ei(¢L7%)|2> (Qcos(ggﬂ 29))2 (Qsin(%zw 29)\2
i(dr —E Q cos(Qgm /492 Qsin(Qgm/4Q
w2 w20 J(|1) + D)) (TeeBarlil)2 - (Bshler/in) )2

Table 2.1: Pulse types with their respective temporal lengths 7 and pop-
ulation probabilities P(7) (also see Figure 2.3). Here, Pi(7) P(7) denote
population probabilities of detecting an atom in states |1) (red) and |2) re-
spectively. Also, it is clearly visible here how 7 and 7/2 pulses behave like
mirror and beam-splitter respectively.
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which implies definition of laser detuning A and resonant wy frequencies:

7k hlk[?
Wy = Wp — Wq = Wep — p_ + 2|77"L (226)
pk | hlkP
A=wr —wy=wr — | Wep + — + —— (2.27)
m 2m

clearly showing the Doppler effect and the recoil terms.

2.1.2 Raman Transitions

Let us consider a three - level system with two ground state hyperfine levels
|1) and |2) being coupled via a virtual intermediate state |i) by two lasers
of angular frequencies w; and wy with their corresponding wavevectors as EI
and IZQ.

A Raman transition with two counter-propagating laser beams of fre-
quencies w; and wsy is shown in Figure 2.4. Ignoring the effects from Doppler
shift, the resonance condition responsible for driving a coherent Raman tran-
sition between states |1) and |2) is: A(w; — wqe) = Ey — Ey. These Raman
laser beams travelling in opposite directions change the atom’s momentum
during the transition. The absorption of photon of a wavevector ko and the
stimulated emission of one in the opposite direction 152 ~ —/21 resulting in
atom experiencing two recoil kicks in the same direction. Hence, as pre-
sented in Figure 2.4, the Raman transition couples |1,7) and |2,7 + 2kk)
so that an atom in Raman interferometric scheme has a wavefunction of
the form: ¢ = A|l,p) + B|2,p + 2hE>. The Raman resonance condition
(A(wg —wy) = Ey— Ey) is sensitive to atom’s velocity for counter-propagating
beams providing the basis for the Raman cooling of atoms. For interferom-
etry this velocity sensitivity is a complicating factor and we shall assume
that the Raman pulses are sufficiently short: 1/7,,,. = Av/A (Av = veloc-
ity selection range width, 7,,sc = pulse duration, A\ = laser wavelength) to
drive transitions over the whole range of velocity components along the laser
beam.

Two - photon Raman transitions on a multi - level atom

Taking into account a multi-level atomic system with two well-defined energy
levels, |g) and |e) (for example, the two magnetically insensitive hyperfine
levels of rubidium ground state), and a virtual intermediate state |i). The
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Figure 2.4: Energy levels and laser frequencies used for Raman transition.

H Internal states Energy H
B By = hwy + I = fuy
12) Ey = hw, + \ﬁ-i-ﬁ(’zgin—];m)ﬁ = huw,
1i0) Ejo = hw, + 2l _
|i2) Eiy = hw; + % = hwip
i1) By = hwy + Z0CEm )l _ g,

Table 2.2:  Calculated energy magnitudes of all the internal states for a
Raman transition coupling coupling the two ground state hyperfine levels |1)
and [2).

state |i) represents an intermediate and a virtual state obtained as a summa-
tion over all the hyperfine levels. Electric field vectors of the two participating
counter-propagating light beams in a two - photon Raman transition are:

ERl(F, f}) = ERI,O COS[ERLF— let + ¢R1] (228)
and
ERQ(F, t) = EARQ’O COS[ERQ.F_ wRQt -+ ¢RQ] (229)

with wg and wge simultaneously been acted upon the same atom.
The Hamiltonian for the described system in the electric-dipole approxi-
mation is:

H = hw,s)(s| — d-(Egi + Eps), Vs = {1,2,i0,i2, i1} (2.30)
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Figure 2.5: Frequency diagram of a Raman transition coupling the two
ground state hyperfine levels |1) and |2) with a small detuning dr taking
all the possible virtual intermediate states (also see Table 2.2) - |7), |i0) and
|il). The common detuning of the two monochromatic and coherent light
fields from the direct transition is Ag.

which will be applied on the atomic wavefunction:

() =D cslt)e™!

s

5) (2.31)

As per Figure 2.5:

Ay (detuning of light field Egry) = |2) — [i0)
Ay (detuning of light field Ege) = |1) — [i2)
Agr (common detuning from the excited level |i1)) = [1),]2) — |il)

Defining the Rabi frequency induced by the laser 1 (I = 1,2) between the
states |m) (m = 1,2) and |n)(n = i0,71,2) as:

n| — d.E|m
= 1= o
The time — dependent coefficients derived in the previous section are re-
derived in the scenario of two — photon Raman transition under the rotating

— wave approximation:

i€1(t) = cio(t) 5 BntTIm) o cyp() B2t 0m) (2.33)
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ica(t) = Cio(t)—QQZOQ e Art=0rt=¢r2) 1 02*1(75)%6“2“%2) (2.34)

ico(t) = 1 (1) 1501 i~ ARt+éR) | 02(15)%5(—%75”1%@”@2) (2.35)

D51

ity (t) _ Cg(t> 22211 ez(fA1t+¢>R1) (236)
Do

itn(t) = 1 (t)—;ZQ ei(-A2t+or2) (2.37)

The three excited levels can be adiabatically eliminated [68] by integrating
the three equations and taking out of the integrals the slowly varying terms,
resulting in:

1Quiot]® | [Quina]?

> WionS02i02_ (1 —dma-()
t) =c(t ) | 21017 7=e  —i(dr1—dRr2—0R
) = el Sa, A, | T T, o)
(2.38)
) Q;i0291i01 i(prR1—bR2—ORt) |Q2i02 |2 |QZ’£11 |2
t) = )| —=—- PR1 R2—OR t
ieat) = el =y n, T\ A, —op) T an,
(2.39)

Let us now simplify the equations by defining the frequency light shifts of
the two states, their sum and difference:

Q4¢ = 099 + Q¢ (2.40)
JAC = Qac _ qac (2.41)
where:

Quion[? [ Quiza]? ]

qpc — Kb T [ 2.42

L N 44, | (2.42)
Qai02]? Q111 2]

QAC _ ‘ 2102 ) 24
2 4(AR —0r) 40 (243)
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Introducing more effective physical paramaters with respect to two - photon
Raman transition:

Weff = WR1 — WR2 (2.44)
- - S
ke = le - kRZ = —»Rl (|kR1’ + ’kRQD (2 45)
kil
Geft = ORI — PR2 (2.46)
Qi1 2402

Qg = —7—— 2.4
f A n (2.47)
Qaet = \/ Qe + (0 — 04C)? (2.48)

Considering dr << Ag, then one has:

Qe
iy (t) = ¢ () + cz(t)Teﬁe_’(‘be“_‘sR(t)) (2.49)
. Qe _idea—on (1)) AC
ZCQ(t) = cl(t)Te eff TOR + Cg(t)QQ (250)

In order to remove time - dependency in the off - diagonal terms, we rotate
the coefficients in a way:

_QAC)
2

() = sa(t)et (2.51)

AC
. Q
it (5R+2 )

co(t) = sat)e

resulting in:

(2.52)

is1(t) = % [sl(t)(aR — 549 + sz(tmege—f%ﬂ]

and

isa(t) = % [ — 55(t)(0p — 649) + Sl(t)Qeffei¢eE]

Solving the above system of time - dependent differential equations gives
the following general expression for the non - rotated terms of the atomic
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wavelfunction:

_ sAC
s1(t) = ¢ c1(0) | cos Qoent ) icl(O)éR 0 sin Qg et
2 QG’,eff 2

and

. Qe . [ Qgert
s9(t) = {61(0)61‘%“ — ZQijf sin ( GQ’E )]

Qg ot op — 04¢ Q¢ ot
+c2(0) [cos ( Grell ) +icy(0)——— sin ( Gofl )] }
2 Q¢ e 2

Considering a laser pulse having a temporal length 7, phase shifts and
the momenta transferred resulting from the transitions are:

(2.54)

H Momentum state transitions  Acquired phase magnitudes H

l9,0) = 19,P) _ (1/2)(6r — Q)
l9.5) — |e. i+ k) Gesp — 5+ (7/2)(=0r — Q1)
|€aﬁ+ﬁk5> = 19,p) _ —¢ers — 2 4 (7/2)(0g — Q4°)

le, 7+ hk) — |e,p'+ hk) (7/2)(=6r — QAY)

2.1.3 Phase Shift Calculation: Mach - Zehnder Raman
Atom Interferometer

In this Section, we study a complete interferometric sequence (Figure 2.6)
with Raman pulses to evaluate the phase shifts imprinted on the atom’s wave-
function as it traverses its path in time 27". This interferometric sequence
is equivalent to a set of two consecutive identical Ramsey sequences (7 - 7),
that results in a non - destructive interference of atoms.

Using the results (from previous section) of the phases acquired during
different momentum transfers, the total phases across two paths acquired
due to the m and 7/2 laser pulses (labelled with an effective wavevector keg)
with temporal lengths respectively being 27 and 7 are:

Path - I (Figure 2.6): |g,p) — |g,p) — |e,p'+ hkeg) — |g,D):

bratn-1 = (7/2)(6r = V) + 6l 7 — 5 + (27/2)(=0r — )

i (2.55)
¢k — 5t (7/2)(6r — Q1)
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Figure 2.6: Schematic of a Mach - Zehnder atom interferometer.

Path - II (Figure 2.6): |g,p) — |e,p'+ hl;:eﬁ“> — g, 0) — |g,D):

DPath—11 = Dop — 9 +(7/2)(=0r = Q1) = 0l T — 2 (2.56)
+(27/2)(05 — ) + (7/2)(05 — 1)

Complete phase difference in Mach - Zehnder interferometric scheme is:
Ap = g% " — 200 " + o + OrT (2.57)

The above equation represents the complete phase difference for a spatially
localized wavepacket, that wavepacket itself being a coherent sum over mo-
mentum states. This is so because it is clear in equation 2.57 that the result-
ing phase shift is independent of momentum. Moreover, A¢ can be varied by
any accelerated motion of the atom relative to the wavefronts of the Raman
beams or by any relative variation between the atomic frequency and the
Raman frequency difference.

Gravity Gradiometer: Freely - falling Raman Atom Interferometer

Considering acceleration due to gravity uniform in our experimental region,
we can write:

v,(t) =v,(0) — gt (2.58)

If we consider two atomic samples in free fall, simultaneously interrogated
by the same electromagnetic pulses, we can obtain a gradiometer, i.e. an
apparatus which is able to measure the difference in gravitational acceleration
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between two points. In this case, the difference of the phase shifts of the
two simultaneous interferometers, depends from the relative gravitational
acceleration difference felt by the couple of atomic clouds. Considering two
different atomic clouds separated by a baseline with initial conditions: z(0) =
0 and v(0) = vy, we can write phase shifts in the basis of time and momentum
transfers as follows:

o(lg,p) = lg9,0),0) =0 (2.59)
¢(|gaﬁ> — |67ﬁ+ FLE>7T) = keH(UOT_gT2/2) (260)
o(le,f+ hk) = |9, ), T) = keg(veT — gT%/2 + hkegT/m) (2.61)

O(le,f+ hk) = e, F+ hk),2T) = keg(2v0T — 29T2 + hkegT/m) (2.62)
Complete phase shift becomes:
A¢y = —kegrgT? (2.63)

In common atom gravimeters the acceleration is not directly determined
from the measured phase shift, but determining the frequency ramp that
exactly compensates the Doppler shift induced by gravity during the free
fall.

2.2 Applications of Atom Interferometry

Atom Interferometry presents a colossal potential in high precision measure-
ments in the contexts of both pure and engineering sciences. The major
areas of potential applications are internal and gravitational measurements
and related effects, tests of fundamental principles in physics, experimen-
tal verifications for atoms in quantum regimes and revealing the unknown
properties of atoms at ultracold temperatures.

It is interesting to note that for nearly every optical phenomena lying in
a classical regime, there exists an analogue at atomic scale. In atom inter-
ferometry, the experiments depict spatial separation of an atomic wavefunc-
tion, which wavefunctions after interference contain the information about
the properties of atoms. In case if an ensemble of atoms are moving along
the gravity axis, then the resulting interference pattern will reveal the in-
formation about atoms under the influence of gravity, henceforth containing
the information about gravitational acceleration of earth [35, 69].
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2.2.1 Embarking with new ideas from research in Atom
Interferometry

In this Section, we will discuss the following aspects briefly so as to establish
the recent research results indicating a scope of new research ideas in this
emerging field of atom interferometry:

e Quantum violation of Weak - Equivalence Principle

e Measuring the gravitational acceleration with precision matter - wave
velocimetry

e Macroscopic coherence in the measurement of Newtonian Gravitational
constant

Quantum violation of Weak - Equivalence Principle

Einstein’s weak equivalence principle states that in all inertial frames of ref-
erence, the inertial and gravitational masses are equivalent. Experimentally,
this can be tested by preparing atomic samples with different states, and
then allowing them to fall freely under the gravitational influence. We shall
describe the motivation for physics behind the violation of weak equivalence
principle at a quantum scale.

Starting with the effective mass of photon [70], we have:

hv h

IO\

From Newtonian mechanics, the uncertainty in acceleration due to gravity
is:

Mess =

G M. Gh
Aay = GMets _

2 - 2
Toff CAT ;s
and the corresponding uncertainty change in position is:

_Gh tyy _Gh
A3

2
Tess
This gives rise to the equation of generalized uncertainty principle:

h GhAp

Agp — . Znep
T= Ay T e

The second term in this generalized form of uncertainty principle becomes
very crucial when the length scales are very small or are of the order of
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Planck’s length. This generalized uncertainty principle has been rigorously
incorporated by Brukner and Zych [71] to define the inertial and gravitational
mass - energy operators:

~

~

. H,
My =mgl + —,Va € {i, g}
C

In the above equation, the subscript labels ¢ and g denote inertial and grav-
itational mass - energy operators respectively. Performing a simple product
between the two operators M, and M; ! yields:

my H! mzﬁ 1
g-"1 + 9+

MgMiil = mgmlj + 2 D) O(g)

C C

which is clearly unequal to unity, henceforth violating weak equivalence prin-
ciple at a quantum scale along with an indication of off - diagonal terms
present in this equation. These off - diagonal terms are:

MM = (mg[ + 0_29) <mil+ 2 >

Hitherto, for quantum Weak Equivalence Principle violation, the centre - of
- motion acceleration becomes:

a= MgMi’lg

In 2015, a free - fall experiment of ultracold atomic samples using a combina-
tion of large momentum transfer atom interferometer operating under Mach
- Zehnder interferometric scheme and gravity gradiometer was implemented
[72], which resulted in gravimeter senstivity of 4 x 107% for ®Sr atoms.
There is a scope of creating optically separated states using large momen-
tum transfer atom interferometer as WEP violation will increase with the
energy difference between internal levels, which makes it advantageous to
be used for the states with an energy gap greater than the hyperfine split-
ting. Also, In different research groups, atom-based tests of the Einstein’s
equivalence principle are flourishing [3, 4, 5, 6, 48].

Measuring the gravitational acceleration with precision matter -
wave velocimetry

Recently, a new method [35] was demonstrated in our laboratory (experimen-
tal apparatus detailed in [38, 73]) to perform an interferometric measurement
for g without any need for a vibration isolation system or post-corrections

32 CHAPTER 2. ATOM INTERFEROMETRY: THEORETICAL
BACKGROUND



Development of a New Apparatus for Precision Gravity Measurements with
Atom Interferometry

based on seismometer data monitoring the residual accelerations at the sensor
head with cold rubidium atoms, and was compared with a measurement done
in our laboratory in 2012 [74]. The motivation behind performing this exper-
iment comes from the vibration noise of the measurement platform (which
remains undistinguished from the relevant acceleration signal) arising as one
of the crucial limitation [75] of an atomic gravimeter. In this measurement of
acceleration due to gravity, two successive Ramsey interferometric sequences
were used to explore the velocity variation of freely falling cold rubidium
atom samples.

Our instrument has a fractional stability of 9 x 107¢ at 1 s of integration
time, which is one order of magnitude better than a standard Mach-Zehnder
interferometer (operated without any vibration isolation or applied post-
correction). The short term stability of the instrument is limited by both
the interrogation and the free - fall times.

The long term stability and accuracy depend on the velocity variations
introduced by the light shift during the preparation phase. The free-fall time
and the interrogation time are both strictly related to the temperature of the
atomic sample.These freely falling cold atomic cloud samples are prepared
in a narrow velocity distribution [76, 77]. Therefore, ultracold atom sources
become highly beneficial for several reasons: they increase the efficiency of
the velocity selection process (down to the pK regime) while preserving high
atom numbers; allowing longer free evolution times; providing atomic samples
with larger coherence lengths that can be probed in longer interferometers
with limited loss of contrast.

This method shows very interesting perspectives for being further devel-
oped towards state-of-the-art performance and beyond.

Macroscopic coherence in measurement of Newtonian Gravitational
constant

When an interferometer is operated in a gravitational field, it is in an ac-
celerated frame. A quantity which is independent of a frame of reference is
important - this is second partial derivative of the gravitational potential, or,
the space-time curvature. A particle’s wavefunction acquires a phase shift
due to curvature. Theorizing is one thing, but measuring such delicate ef-
fect is quite another. In a beautiful experiment, Kasevich’s group measured
the tidal force - a measure of spacetime curvature, on the wavefunction of
an individual particles inside an atom interferometer. This experiment was
inspired by the experiment performed at Department of Physics and Astron-
omy, University of Florence [48] where differential effect of curvature on two
separated atom interferometers was measured.
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Tidal force was generated by movable external source masses. With
this, the effect of Earth’s gravity is eliminated by comparing the interfer-
ence fringes of the interferometer with the ones of another intereferometer
located about 30 cm from the source masses. To confirm this, they varied
the separation d between the interferometer arms and showed that the signal
from curvature is proportional to d?. This experiment was performed in a 10
m high fountain- the height corresponding to a free fall time of about 2.8 s,
enough to perform interferometry. Momentum of about one hundred photons
separated the spatial components of each individual atom’s wavefunction by
~ 30 cm. While one of these two partial wavefunctions formed the sensor
interferometer, the other formed the reference interferometer.

The differential acceleration was measured to a staggering precision of
0.6 nm/s* with sensitivity 5 x 107° m/s?/v/Hz. The curvature generated by
the source masses (84 kg lead) was about 1 radian phase shift. Experimen-
tal demonstration of effect of curvature on the wavefunction of individual
particles, conclusively established coherence over a macroscopic scale.

These remarkable advances have paved the way of the usage of atom
interferometry in the future detection of gravitational waves.

34 CHAPTER 2. ATOM INTERFEROMETRY: THEORETICAL
BACKGROUND



Chapter 3

Experimental Sequence

3.1 Outline of the new experimental scheme

The complete experimental scheme highlights two major steps - phase noise
minimization in the interferometric signal in the presence of gravity and
cancellation of ambient gravity gradients with implementation of a novel
design of source masses.

As shown in Figure 3.1, the two cold atomic cloud samples are trapped
and cooled in a magneto-optical trap (MOT) and sequentially launched to-
wards the interferometric region after they are prepared in |F' = 1,mp = 0)
and |F = 2,mp = 0) states (following dipole - allowed transition: 551/, —
6P5/> with A = 421.5 nm) using juggling mechanism. The first step to min-
imize the phase noise in the gravimetric signal is achieved by adding an
external-well-controlled relative phase shift in order to produce a differential
phase of 7/2, therefore satisfying the required condition [17] for phase noise
minimization, i.e., A¢ ~ /2.

A measurement of the local gravity gradient is performed by Raman in-
terferometry. The gravitational perturbation on the atomic trajectories pro-
duced by a well-known set of source masses can be accurately modelled. In
previous works [16, 17, 20, 48], the Raman gradiometer was used to determine
G performing a further differential measurement between the gradiometric
signals in two different source mass configurations, namely CLOSE and FAR.
A new approach to building a new design for the high precision measurements
of atom interferometery is described in Section 3.1.2.

3.1.1 Step - I: Phase Noise Minimization

Consider an atomic fountain tube (Figure 3.1) consisting of a pair of thermal
clouds sequentially launched from a three - dimensional magneto - optical
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Figure 3.1: LEFT: Overview of the experimental apparatus, RIGHT:
Schematic of the modified Mach - Zehnder interferometric sequence for phase
noise minimization with arm labelled in accordance with equations 3.1, 3.2
and 3.3.

trap. This sequential launching is achieved by standard moving optical mo-
lasses technique along with a simultaneous interrogation by a sequence of
three counter - propagating Raman pulses, forming a traditional Mach -
Zehnder interferometric sequence.

Now we will describe the modification to be done in the experimental
sequence to fulfill our objective. Firstly, a finite - solenoidal coil is wrapped
along the altitude axis of the hollow cylindrical design of the interferometric
tube covering complete altitude in a helical trend. This coil generates a bias
magnetic field which helps in defining quantization axis for the individual
atoms inside the atomic cloud samples. This bias magnetic field remains
switched ON throughout the complete experimental session. Secondly, dur-
ing the second-half time period of the interferometric scheme, i.e., from T to
2T, an extra finite - solenoidal coil other than the bias coil should produce
another magnetic field from a very small time - window At € [4 ms,10 ms].
For this to be implemented, an extra finite - solenoidal coil of much smaller
size than the bias coil is winded around the tube in the vicinity of the apogee
point of the upper atomic thermal cloud sample. In this thesis, we will re-
fer to the magnetic field coil producing bias magnetic field throughout the
complete experimental session as bias coil and the extra finite - solenoidal

36 CHAPTER 3. EXPERIMENTAL SEQUENCE



Development of a New Apparatus for Precision Gravity Measurements with
Atom Interferometry

coil remaining active for a very small time - window At € [4 ms,10 ms], as
B-pulse coil. The B-pulse coil has to positioned precisely in a way that the
centre of mass of the upper thermal atomic cloud sample must coincide with
the centre of the B-pulse coil which lies at the midway of the helix. We have
to note that for this implementation to have an outcome of triumph, it is
necessary that the flow of current inside both the coils is in the same direction
and both the atomic cloud samples are prepared in magnetically-insensitive
hyperfine states, so that there must be no phase contribution during inter-
feromtric sequence from the first-order Zeeman effect (because in first-order
Zeeman shifts, the hyperfine energy level difference is directly proportional
to the azimuthal quantum number of that magnetically-senstive hyperfine
state). Thanks to the second-order Zeeman shift, because in this case, the
energy difference between the hyperfine levels is proportional to the square
of the magnetic field and is independent of the magnetic azimuthal quan-
tum number. When one applies this scheme of phase - noise minimization in
a traditional Mach - Zehnder gravimeteric sequence, the modified sequence
becomes as shown in Figure 3.1 (right).

Let Tp be the B-pulse time duration, 74 p is the average time at which the
upper atomic thermal cloud attains its point of apogee, T' be the half-time of
the experimental sequence and By;,s be the bias magnetic field that remains
activated till the end of the experimental sequence.

An atomic cloud experiences splitting of its wavefunction due to an il-
lumination from a pair of laser beams from opposite directions serving as a
7/2-pulse. This one wavefunction (of our atomic cloud) which is now in su-
perposition of two states having equal amplitudes which are allowed to evolve
spatially for half - time T of the experimental sequence. After half - time T,
the two split wavefunctions are irradiated by m-pulse, resulting in steering
of trajectories of matter waves accompanied by a mirror exchange of two
different momentum states. After w-pulse is applied at time T', the two arms
begin to freely evolve again from time T to Typ — Tp/2. Till now, from time
0toTap—Tp /2, the interferometer arms are only affected by the presence of
bias coil magnetic field By,s. Now, from Typ —Tp/2 to Tap+Tp/2, the arms
are perturbed by the resultant magnetic field modulus By (produced from
bias and B-pulse coils) for a short time window At € [4 ms,10 ms|. Finally,
in the time left, from Typ+Tp/2 to 2T, the arms of the upper interferometer
are only affected by the magnetic field of the bias coil. Simultaneously, in
the same timeline, the lower atomic thermal cloud sample only experiences
the effects of bias coil. The phases acquired (due to second-order Zeeman
effect) across every arm (arms marked in right - side of Figure 3.1) of both
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interferometers is calculated as follows:
A¢ = gup — prow = 27T04<7{B%\UpdT - ]{ngbwdT) (3.1)

where ¢y p is the upper atom - interferometer and ¢ o is the lower atom
- interferometer running in the time circuit from ¢ = 0 to t = 27". ¢yp and
¢pw are expressed as:

dup = (01" +¢5a + dop + 050 ) — (52 + &g +d50 +047)  (3.2)

orow = (617" + ¢y") — (57" + ¢1") (3.3)

Phase acquired in each arm is expressed by breaking down the contour inte-
gral of equation 3.1 into different time domains:

T
?P:m)z/ BE,.dT

bias

Tap+Tp/2

V= —Ta / BZdT

Tup—Tp/2|F=2)

Tap+Tp /2| F=2)

2T
UP __ 2
20 — —7TCK/ BbiasdT

Tap—Tp/2

gf = 7TOé/ Bl?iasdT

T|F=1)

Tap+Tp/2
VP = ra / BdT

Tap—Tp/2|F=1)

2T
UP _ 2
3C — 7TO(/ BbiasdT
Tap+Tp/2|F=1)
T
VP = —ra / B},.dT
0|F=2)

Experimentally, the lower interferometer will also experience some leakage
of the resultant magnetic field By from the upper interferometer for At €
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[4 ms,10 ms]|, but this leakage is negligible as the length of the B-pulse coil
along the fountain axis is 23 cm. Henceforth, the lower atomic cloud does not
experience a significant amount of jitter from this resultant magnetic field
leakage as the baseline between the two atomic clouds is 23 c¢m, but, in our
simulation we have accounted this leakage (from the upper interferometer)
in order to have a realistic model of the our apparatus yielding as precise
results as possible. Therefore, the phases acquired in each arm of the lower
interferometer from timeline 0 to 27" are written as follows:

T

LOW __ 2

1 = 7r0z/ By...dT
0|F=1)

2T

LOW __ 2

2 — _705/ BblanT
T|F=2)

oT
LOW __ 2
3 = Wa/ By,,.dT
T|F=1)

2T
ZEOW = —7T0é/ Bl?iasdT
T|F=2)

3.1.2 Step - II: Gravity Gradient Cancellation

As shown in Figure 3.2, sixteen stacked cylindrical disks of sintered tungsten
forming two concentric hexagonal enclosures supported by torus - shaped
aluminium platform serves as a new design of source masses, capable of
generating linear gravitational acceleration profiles. There is another use-
ful design presented in this thesis which accounts as another configuration
of source masses prepared using copper (with different geometrical arrange-
ment) also being capable of producing linear profiles of acceleration due to
gravity. Both of these configurations are explained in detail in Chapter 5.
In the earlier works [16, 17, 20|, the double differential measurement be-
tween the phases in the FAR and CLOSE configurations led to an estimate
in the value of universal gravitational constant G [16], whereas the FAR and
CLOSE configurations in our new design are defined as the whole system of
source masses with platform being away from the ground and lying close to
the ground respectively.

In this thesis, performing a virtual realization incorporating new designs
of source masses was one of the important tasks, leading to production of
real gravity gradients then compensated with a high precision. The geometry
of source masses plays a vital role in producing the resultant gravitational
potential which becomes a contributing factor for the phase evolving from the
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Figure 3.2: LEFT: Two atomic clouds separated by a vertical-separation
distance D producing phases from fictitious gravity gradient ¢r:_, with the
phases ¢ arising from the geometrical arrangement of source masses and
the total gravitational potential of one of the new designs of the source
masses, RIGHT: Geometric arrangement of source masses with labelled co-
ordinates, the labelled coordinates are calculated in Chapter 5.

ambient gravity gradient. Generalized coordinates of every element in this
configuration of source masses are calculated and then reported in Chapter 5.
Here, we have performed series of simulations so as to cancel the real gravity
gradient from fictitiously produced gravity gradient. The resulting negligible
difference between the phase produced by the novel designs of source masses
and the phase produced due to the action of fictitious gravity gradient is
labelled as residual phase (and denoted as ¢r) in this thesis. This fictitious
gravity gradient is measured by the interferometric phase, which is produced
by slightly changing the wavelength of the second laser pulse (which happens
to be m-pulse as per our pulse sequence).

The event-timeline of the experimental scheme with some limited ongo-
ing mathematics behind the phase production is now described as follows.
Here, we only describe the event-timeline considering the first configuration
(tungsten source masses with aluminium platform) because it has a geometry
complicated as compared to the other source mass design of interest (torus -
shaped copper block).
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From starting time of the experimental sequence, i.e., at ¢ = 0 to the
ending time , i.e., at t = 27", the source masses with and without platform
follow the same equations of trajectory as the atomic clouds. Now, at this
point we are looking at the phases produced due to the design of the source
masses, which come from the gravitational potential generated by the novel
system of source masses. Mathematically speaking, total gravitational po-
tential experienced by single atoms due to two hexagonal concentric rings
¢t =0 and ¢ = 1 in one gravimeter with absence of platform is:

U(x—ifz’;y—yi,Z—Zi) = U(l’—ﬂfo,y—y0>Z—ZO)+U(9C—331,y—yl, Z—Zl) (3'4)

such that:
16 5
Uz —z0,y — Yo, 2 —20) = Y, Y Ulw =,y — v, 2 — 27) (3.5)
n=1 k=0
and,
16 5
Ulw =,y —y,z—2) =YY Ul —al,y—yf,2—2]) (3.6)
n=1 k=0

where the labels i = 0 and 7 = 1 respectively indicate one complete inner and
outer hexagonal contour created due to arrangement of cylindrical tungsten
source masses, k labels the hexagonal arrangement formed by cylindrical
source masses and n labels a tower of source mass cylinders stacked one
above the other, 16 in total. Also, we know that the phases are dependent
on the gravitational potential of the whole system of source masses, implying:

m
Gsnv = %%UUP(Q; — X3, Y — Yi, £ — 2)dt
— %j{UDW(x—xi,y—yi,z—zi)dt (3.7)

where ¢gj; is the phase imprinted on atoms from the effect of gravitational
potential of the source masses from time ¢t = 0 and ¢t = 27. In the above
equation, Uyp and Upy are gravitational potentials experienced by the up-
per and lower atomic cloud trajectories from one single atom - interferometer.
And, both Uyp and Upy take their mathematical representations from equa-
tion 3.4. To include the geometry of the platform, the gravitational potential
of the torus - shaped platform Up is also included:

MRy
Osu = 77{ CO (@ — i,y — i, 2 — z)dt

- % j{ UgI?VT(x — Ty Y —Yi, 2 — Zi)dt (3-8)
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where,
Utor = U 4+ Up (3.9)

In the same timeline, from t = 0 to t = 27T, phases resulting due to the fic-
titious gravity gradient are produced at t = T', by manipulating two - photon
wavevector of m-pulse. These phases are proportional to the distance which
marks the difference between centre of masses of both the clouds separated
vertically inside the gravity gradiometer by a finite distance. Basically, the
phase gradient over the fixed baseline d between the centre of mass coordi-
nates of the two clouds can be written as a function of phase (single - valued
phase, not a Monte Carlo) of two individual atoms located at the centre of
the clouds as:

cM ,CM CM cM ,CM _CM
Vo — Ssm(xgp s Yop » 2op ) — sm(Tpws Yows 2w )

d

(3.10)

Now, remembering the fact that there is an ensemble of atoms forming a
thermal cloud, with each atom exhibiting its motion along each axis, resulting
in calibration of baseline as:

D= (ZUP - ZDW) + (UUP - UZDW)T (311)

z

At t =T, the phases due to fictitious gravity gradient are produced from:
r:, = DV¢ (3.12)

Cancellation of gravity gradients marks from the occurrence of residual phase
at t = 2T

Or = Osm — Pre, (3.13)

In Chapter 5, we report a precise compensation of gravity gradients with a
relative accuracy of 107¢, with the Monte Carlo simulation for this virtual
realization being provided in the Appendix of this thesis.
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Chapter 4

Magnetic Fields: Phase Noise
Minimization and 2D - MOT

4.1 Introduction to Phase Noise Minimiza-
tion

Now we know that an extra finite - solenoidal coil with a magnetic field
(value different than the magnitude of the bias field) has to be applied only
on the second part of the atom interferometer. This will acquire the desired
magnitude of phase shift. As a consequence, it will split the energy levels
due to the second - order Zeeman effect (which is explained in the next sec-
tion). Speaking in the simplest way, the phase difference in the experimental
sequence is given as:

Ap =1~ ¢2 (4.1)

where ¢; and ¢, are the two phases produced by the two identical cold atomic
cloud samples (separated by a vertical distance d) having states placed in
magnetically - insensitive hyperfine states for our case of chosen wavelength:
A = 421.5 nm marking a dipole-allowed transition 5512 — 6Ps5 of ®"Rb.
These two atomic clouds are located at two different positions across the
fountain axis of the atomic fountain tower. In order to reduce the sensitivity
to external and uncontrolled magnetic fields, the two interferometers are
operated on atoms in the magnetically - insensitive mp = 0 state. Now,
using the fact that this solenoidal coil generates a magnetic field for a finite
length, we can write these phases ¢; and ¢, for two different positions of
these two clouds z; and 2z, as follows:

¢1 = 27TC(B;2(21>At (42)
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¢y = 2ma B % (2;) At (4.3)
where:
Bl(zy) = Mo atl2) (&L (4.4)
2 | (1 +L22+R /(21— L/2)%+ R2
IB.,
By(m) = F
and,
Bl(z) = ponl GotLf2=d) (- L/2—d) (4.5)
2 | (z2+L/2—d?+R /(22— L/2—d)?+ R?
1B.,
Bl(z) = B2
which gives:
2mapn®I? At
A (a1, 2) = —HE—[B2 (1) — B2, () (4.6)

Here in equations 4.4 and 4.5, for this moment we have assumed simplified
algebraic expressions of magnetic fields only along the axis of gravity. But in
our simulations, we have incorporated a much more mathematically compli-
cated expression possessing non-zero X, Y and Z magnetic field components
(Section 4.8). This incorporates the dynamics of atoms in three-dimensions.

As per previously done research [17], the required phase noise minimiza-
tion for an interferometric signal in the presence of gravity yields a condition,
which is: A¢ &~ /2. For example, if we calculate the other relevant param-
eters by fixing A¢ ~ m/2 and At = 5 ms, then the above equation reduces
to:

A} = Kr2(AB(21, 22)) (4.7)

2,272
where Ky = MMOTM ~ 0.42, which is calculated using the values of

current, number of turns and At as 24 mA, 1000 and 5 ms respectively.

The selection and calculation of all the relevant physical parameters is
reported in the later sections of this thesis. These experimentally applicable
magnitude of these physical parameters for high precision measurements like
the one stated in this thesis is shown assuming a true mathematical form of
magnetic field given in Section 4.8. Here AB(z1,2) = (B2, (z1) — B2 (22))
and o = 575.15 Hz/G? is the constant arising from the second order Zee-
man effect. The relative phase A¢ in the above equation corresponds to a
hyperfine level splitting into magnetically-insensitive sublevels, for example:
|FF=1,mp=0) and |F = 2,mp = 0).
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4.2 Understanding of the jitter due to an ap-
plied magnetic field

Now, with all this knowledge, our objective is to apply a magnetic field
pulse when the atomic cloud is at its apogee and its velocity at this point
is very close to zero. Thanks to the second order Zeeman effect so that
a total phase change of 7/2 can be acquired after Zeeman splitting. This
jitter occurring due to shine of magnetic field pulse results in spatial and
time inhomogeneities. Time inhomogeneity can be controlled by using a
good current generator. However, if the magnetic field is not constant and is
exhibiting a spatial variability, that implies that one out of two clouds which
experienced jittering in a certain localized zone, may interfere with another
cloud which is either launched prior or will be launched after this cloud at
its apogee, as explained in Figure 4.1.

4.3 B-pulse coil Activation

A magnetic field B removes the degeneracy among mp energy sublevels. The
first order Zeeman shift is:

AEZ,I = NBngF|B| (4'8)

For those atoms the first non - zero term is the effect to the second order in

the field:

2
hv, B

with a negative sign for |F' = 2) and a positive one for |F' = 1), therefore
yielding an energy shift 2AE ;; to the hyperfine splitting between the two
mp = 0 states. Turning a magnetic field on, uniform in the region around
the ensemble of atoms (forming an atomic cloud) during the second half of
the interferometer sequence the atomic resonance varies with the external
magnetic field while the reference oscillator maintains the same frequency.
This yields an accumulated phase shift [17] expressed as follows:

2T
Adz i = 27T/ azr|B(t)|*dt (4.10)
T

where the sensitivity to magnetic fields for such atoms is expressed by a
constant arising due to second - order Zeeman effect: az;r = 575.15 Hz/ G2.
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Figure 4.1: Artistic approach to explain the jitter: A plot of magnetic field
for a finite length solenoid along z-axis versus change in position on Z-axis.
Here, the pale blue circles denote atomic clouds, the blue circle at Y-axis
is the one of two clouds, whereas the blue circle at left is the cloud in the
higher region (These are separated by the fact that positions of both the
clouds differ by a vertical separation distance d = 23 cm). In these two
plots, we have considered the two magnetically - insensitive hyperfine states
tobe |F'=1,mp =0) and |F = 2,mpr = 0). In the plot at left, the magnetic
field is only applied to one cloud in the state |F' = 1,mpr = 0), and this
magnetic field does not interfere with other cloud in |F' = 2, mp = 0) state,
this is the scenario of independent jittering, which has to be achieved. In the
plot at the right, the applied magnetic field from the coil starts to interfere
with the cloud in the state |F' = 2, mp = 0), with this all the measurements
will contain errors due to leakage of the other magnetic field, this is the
scenario of relative jittering.
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Here, magnetic field is indirectly time - dependent: B(t) = B(x(t),y(t), z(t)),
where z(t), y(t) and z(t) denote the motions of atoms (forming atomic cloud
samples) along X, Y and Z axes respectively.

4.4 Monte Carlo simulation to calculate the
difference in phase between the two clouds
(in absence of classical trajectories of atoms)

First, a calculation was needed to be done to determine the correct value of
current and the correct value of length which was to be used for introducing
this extra finite - solenoidal coil around the interferometric tube. To proceed
with this, we calculate derivatives in equation 4.6 partially with respect to
variables z; (Z-coordinate of the upper atomic cloud) and 2z (Z-coordinate
of the lower atomic cloud). Thus, we define a new function:

X(21,2, L) = (—8(A¢8(2’22))> +<—8(A¢(§2’Z”)> (4.11)

where L is the predictable length range of this new coil which ranges from
0.10 m to 0.60 m. After plotting of this function (as shown in Figure 4.2),
the minimum from the resulting plot was found out to be at 0.266 m. Hence,
the value of length of the B - pulse coil to be used in the experiment is
approximately 26.6 cm for the B - pulse coil activation time of 5 ms. We
say here that this is an approximated value because we are disregarding the
three - dimensional motion of atoms at the moment.

The value of current was found using simple calculation as follows: For
the time(At) of 5 ms with a condition of A¢ ~ /2 and using the estimated
length (in the absence of classical trajectories of atoms) now which is 26.6
cm, we determined the difference AB(z1, 29) at z; = 0 and 25 = 0, resulting in
AB(z; = 0,29 = 0) = 3.75. Then using this value in equation 4.6, the current
was found out to be ~ 24 mA. This is the value of the current when the
positions of the atoms inside the cloud are fixed, not possessing any variation
in their physical parameters like positions and velocities. For a more realistic
situation (like in our experimental sequence), non - zero values of standard
deviations are considered for the variations in position and velocities for the
cold atomic cloud samples in next sections of this thesis.
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Figure 4.2: y versus L: L is the range of predictable length values of the coil
used. The coil lengths were considered ranging from 1 cm to 60 cm. The
lowest point is the minima between the two clear peaks in the graph. The
minima yields the magnitude of 26.6 cm (excluding classical trajectories of
atoms), with the corresponding value of x as 3.82 rad/m on Y-axis.

4.4.1 Phase variation with respect to change in physi-
cal parameters

After finding the correct magnitude of current for the coil analytically, a
Monte Carlo simulation was carried out for the difference in phase (A¢)
between the two clouds in the states |F' = 1,mp = 0) and |F = 2,mp =
0), to be equal to 7/2. Ten thousand random values of z; and 2z (in the
range of -0.025 m to 0.025 m) were generated using a normal distribution
function with the values for standard deviation varying from 0.005 to 0.010,
incrementing with a magnitude of 0.001. The standard deviation in our
system is a representation of the atomic cloud width. The resulting values
of A¢ were stored in a representation of two-dimensional square mesh with
(0,0) as point of origin and vertices of this square grid being (0.002,0.002),
(0.002,-0.002), (-0.002,0.002) and (-0.002,-0.002), spanning over 25 points in
total. Hence, for each particular value of standard deviation, 25 values of A¢
(in the vicinity of 7/2) were obtained. A 3D-plot concerning this scenario
was generated as shown in Figure 4.3.

Using equations 4.6 and 4.7, different values of current for B - pulse coil
are calculated for permissible time window: At € [5,10] ms. Furthermore,
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Figure 4.3: 3D-plot showing variation in the value of A¢ in the vicinity
of w/2, with 25 vertices of square lattice in the XY-plane. According to
this plot, the maximum and minimum values of A¢ are 1.5705 and 1.5690
respectively. This gives a phase variation of 1.5 mrad in this complete square
mesh of 25 coordinates (when both the atomic clouds serve as fixed points).
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Figure 4.4: 3D-plot displaying a variation in the value of A¢ in the vicinity
of /2, with 25 vertices of square lattice in the XY-plane, for each different
value of current though B - pulse coil paired with its corresponding value of
At. This 3D-plot is NOT created from a Monte Carlo simulation as it is a
case of two individual atoms acting as a fixed points along the fountain axis
inside the gravity gradiometer.

using z; € [—2,2] mm and z; € [—2,2] mm, the phase variations for different
time windows and corresponding current values are plotted in Figure 4.4.

4.5 Interferometric phase as a function of time
- dependent atomic trajectories

The equations of motion for a particle in a parabolic trajectory with kicks
induced from the laser pulses were written (in the format of piecewise func-
tions) in our simulations for time domains 0 to 7" and 7" to 27" as explained
below.

Let zg and z; be the coordinates of the two individual atoms (along foun-
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Figure 4.5: Same results (here in a tabular form) from Figure 4.4 explicitly
showing every phase value at all the 25 points created from permutations of
z1 and 29 spanned as a square lattice. From this table, it is clear that the
maximum variation in A¢ across a square lattice for the stated combinations
of currents and time windows is 250 prad.

tain height) at the starting point. Simplified equations for the displacement
vectors representing trajectories of each arm of Mach-Zehnder interferometer
are listed in the format of piecewise functions as follows:

ARM - 1 in Figure 3.1:

R 2\ .
Z(t) = zupk + (vrt + 0%t — %) kvt € [0,T] (4.12)

ARM - 2 in Figure 3.1:

() = (‘g (t=1T)° gT" —i—(t—T)(vS—gT)—l—T(vr—irvg)—l—zUp) kYt € [T, 2T

2 2

(4.13)

ARM - j in Figure 3.1:

- 0 gt* \

Zg(t) = | zup+ ?)zt - 7 k,‘v’t S [O,T] (414)

ARM - 3 in Figure 3.1:

—g(t—T)% qgT? -

Z(t) = ( 9( 5 ) —92 —l—(t—T)(vg—H)T—gT)—I—ng+ZUp> kNt e [T,2T)

o1
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(4.15)

Similarly, for another Mach - Zehnder interferometer with a non - zero and
a finite separation distance (baseline), the displacement vectors representing
trajectories of each arm are listed as follows:

ARM - 1 in Figure 3.1:

R 2\ .
Z1(t) = zpwk + (vrt + vt — %) kvt € [0,T] (4.16)

ARM - 2 in Figure 3.1:

a0t = (_9 =1 91" (vg—gT)—i—T(vr—i—vg)—f—zDW) kYt € [T,27)

2 2
(4.17)
ARM - 4 in Figure 3.1:
> 0o, 9%\
Zz(t) = | zpw + Uzt — 7 k,‘v’t € [O,T] (418)

ARM - 3 in Figure 3.1:

—o(t — T 2 T2 ~
< 9( )9 +(t—T)(US—I—UT—gT)—FUST‘i‘ZDW)kthE [T, 2T

2 2
(4.19)

For accounting the kicks from the laser pulses in our system, the recoil
velocity v, of the rubidium atom was used, which is:

_hh
_m

vy (4.20)

where m is the mass of a rubidium atom, k is the two - photon wavevector
calculated for A = 421.5 nm and 7/ is the reduced Planck’s constant.

Using above equations, the modulus of the magnetic field in the complete
system was expressed as a function of time, for it to be used to calculate the
total phases of both Mach - Zehnder interferometers:

T 2 2T 2)
be = —/ LQB2(t)dt+/ T B2(1yat
0

\F=2) 2 TiF=1) 2
2T T
2 2
- / B2 dt + / T B2 (1) at (4.21)
TIF=2) 2 o)F=1) 2
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such that:
¢e(t) = ¢c(B(z(1),y(1), 2(1))) = 2%@7432(96(15)&(15), z(t))dt  (4.22)

Here, the integrals associated with state |F' = 2) are taken to be negative
and the integrals associated with |F' = 1) are taken to be positive, therefore
yielding an energy shift of 2AEy;; to the hyperfine splitting between the
two mp = 0 states [17, 20].

4.6 Precise optimization position and rela-
tive sensitivity estimation

In order to optimize the position of the gradiometer with respect to the
dimensions and address of the B-pulse coil, we extract the Z-coordinate value
of the cold atomic cloud at the local maximum. So, we use equation 4.22 only
for the B-pulse coil (or equivalently applying equation 3.1 only for the B-pulse
coil) to find the precise optimization position z,,, resulting in z,, = —4.64
mm when Ig_puse = 19 mA and Lp_pyuse = 23 cm. Note that Lp_puse = 23
cm is chosen here because now we have accounted the equations describing
atomic trajectories in three-dimensions.
Relative sensitivity S is mathematically defined as:

s=1-%

60
where ¢o and ¢¢, are gradiometric phases due to only B-pulse coil excluding
and including z,, respectively. Relative sensitivities of the gradiometric phase
with respect to the gradiometer position and to the baseline value respectively
are shown in Figures 4.6 and 4.7.

4.7 Monte Carlo simulation for phase differ-
ence calculation between the two clouds
(accounting classical trajectories of atoms)

Fixing some parameters and applying variations to one - dimensional dy-
namic variables of the atomic clouds to minimize the phase noise was done
in the simulation. The purpose of this step was to study how these dynamic
variables affect the stability of our phase values with respect to the variation
in these variables representing positions, velocities, standard deviations in
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Figure 4.6: Relative sensitivity of the gradiometric phase with respect to
the gradiometer position. Here, the intercept on the X-axis marks the value
Zm = —0.00464 m with Z-coordinate being varied between (z,, — 1) mm and
(zm + 1) mm.

positions and velocities of the two atomic cloud species. All the parameters
used in the Monte Carlo simulation for two atomic clouds traversing along
the fountain axis are listed in Table 4.1.

4.7.1 Optimized and Unoptimized phases for different
atomic populations

The plots marking the phase stabilities due to all the five variables asso-
ciated only with the axis of launch (or free-fall) - zy, 211, 0., v, and o,
are shown in Figures 4.8 - 4.12. This 1D - simulation was carried out for
two different population magnitudes of atoms inside each atomic cloud. The
atomic populations chosen were 1000 and 10000. This is done as a sake of
a double — cross check and verification between the plots in these two pop-
ulations which differ by a factor of 10, and, the plot comparison of these
five variables with the actual three — dimensional scenario. The actual 3D
scenario employs the exact formulation of magnetic fields for the case of a
finite — solenoidal coil, hence containing the elliptic functions of first, second
and third kinds (Section 4.8), whereas the one — dimensional scenario which
considers only the motion of two atomic clouds traversing their motion along
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H Parameters Fixed values and Variations H
Length 4 m (fixed value for bias coil)
Length 23 c¢m (fixed value for B-pulse coil)
Current 9.9 mA (fixed value for bias coil)
Current 19 mA (fixed value for B-pulse coil)
Time 4 ms (B-pulse duration)
Baseline 23 cm
Atomic Population 10% and 10* (per cloud)
Offset 1.735 m (Gradiometer position)
Ar 222.11 ms (Average apogee time)
Ap 241.862 mm (Average apogee distance)
Zm —4.6 mm (Optimization position of gradiometer)
211 {z11 — 0.2,211 — 0.1, 211, 211 + 0.1, 211 + 0.2} mm
200 {200 — 0.2, 290 — 0.1, 200, 200 + 0.1, 2g0 + 0.2} mm
7, {2.8,2.9,3.0,3.1,3.2} mm
v, {vo — 0.2,v9 — 0.1, v, v + 0.1, v9 + 0.2} mm/s
o {2.8,2.9,3.0,3.1,3.2} mm/s

Table 4.1:  Complete list of parameters used in simulation to minimize the
phase noise in interferometric signal. Particularly in this simulation, the
atomic motion across XY-plane is disregarded.
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Figure 4.7: Relative sensitivity of the gradiometric phase with respect to the
baseline value.

fountain axis, uses a quite simpler algebraic expression (equations 4.4 and
4.5) to compute magnetic fields. Furthermore, the optimization position (z,,)
of the gradiometer with respect to the short / B — pulse coil is included in
both 1D and 3D cases, in order to generate OPTIMIZED (including z,,) and
UNOPTIMIZED (excluding z,) phase magnitudes for variation in all the
five parameters.

Looking at all the plots (Figures 4.8 - 4.12), we conclude that these plots
do not display any clear trends. It is clear that the variation in atomic
population does not result in any trend formation. Hence we arrive at an
understanding that all these plots (Figures 4.8 - 4.12) represent random fluc-
tuations in A¢ rather than being a part of systematic variation. With this
understanding, we can say that if one carries out infinitely many simula-
tions, by taking infinite number of variations in cloud variables (across the
X - axis), one will be able to observe that the phase values should average,
thereby converging to one specific value.
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Figure 4.8: Visualizing UNOPTIMIZED (two upper graphs) and OPTI-
MIZED phases (two lower graphs): Phase variation for two different atomic
populations with respect to the upper cloud position variable zo, with and
without taking into account the optimization of the gradiometer position
with respect to the B-pulse coil z,. In the upper two graphs (UNOPTI-
MIZED phases), we observe a maximum phase fluctuation of 500 yrad/mm
and 680 urad/mm for 10* and 10% atoms respectively. Similarly, in the lower
two graphs (OPTIMIZED phases), we observe a maximum phase fluctuation
of 330 prad/mm and 660 urad/mm for 10* and 10® atoms respectively.
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Figure 4.9: Visualizing UNOPTIMIZED and OPTIMIZED phases: Phase
variation for two different atomic populations with respect to the lower cloud
position variable z;; with and without taking into account the optimization
of the gradiometer position with respect to the B-pulse coil z,,. In the upper
two graphs (UNOPTIMIZED phases), we observe a maximum phase fluctu-
ation of 140 purad/mm and 160 prad/mm for 10* and 10® atoms respectively.
Similarly, in the lower two graphs (OPTIMIZED phases), we observe a max-
imum phase fluctuation of 138 yrad/mm and 310 pyrad/mm for 10* and 103
atoms respectively.
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Figure 4.10: Visualizing UNOPTIMIZED and OPTIMIZED phases: Phase
variation for two different atomic populations with respect to the atomic
cloud width variable o, with and without taking into account the optimiza-
tion of the gradiometer position with respect to the B-pulse coil z,,. In the
upper two graphs (UNOPTIMIZED phases), we observe a maximum phase
fluctuation of 140 yrad/mm and 350 prad/mm for 10* and 10® atoms respec-
tively. Similarly, in the lower two graphs (OPTIMIZED phases), we observe
a maximum phase fluctuation of 130 urad/mm and 250 prad/mm for 10*
and 103 atoms respectively.
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Figure 4.11: Visualizing UNOPTIMIZED and OPTIMIZED phases: Phase
variation for two different atomic populations with respect to the atomic
cloud velocity variable v, with and without taking into account the optimiza-
tion of the gradiometer position with respect to the B-pulse coil z,,. In the
upper two graphs (UNOPTIMIZED phases), we observe a maximum phase
fluctuation of 220 prad/mm/s and 450 prad/mm/s for 10* and 10® atoms
respectively. Similarly, in the lower two graphs (OPTIMIZED phases), we
observe a maximum phase fluctuation of 250 prad/mm/s and 500 prad/mm/s
for 10* and 10® atoms respectively.
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Figure 4.12: Visualizing UNOPTIMIZED and OPTIMIZED phases: Phase
variation for two different atomic populations with respect to the standard
deviation in atomic cloud velocity variable o,, with and without taking into
account the optimization of the gradiometer position with respect to the B-
pulse coil z,,. In the upper two graphs (UNOPTIMIZED phases), we observe
a maximum phase fluctuation of 50 urad/mm/s and 400 purad/mm/s for 10*
and 103 atoms respectively. Similarly, in the lower two graphs (OPTIMIZED
phases), we observe a maximum phase fluctuation of 90 pyrad/mm/s and 360
prad/mm/s for 10* and 10% atoms respectively.
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4.8 Magnetic field equations of finite contin-
uous solenoid: Bias and B-pulse coils

In our simulation, we treated bias and B-pulse coils as finite continuous
solenoids [78] wrapped around the atomic fountain tower with the currents
flowing through both the coils in the same direction. A finite continuous
solenoid has its structure created by a sheet of conductive material with
current uniformly distributed across the cylindrical surface of the solenoid
unlike cascading of discrete coils. In Appendix A of the thesis, we have pro-
vided the generalized solution for the case when bias and B-pulse coils are
treated as finite solenoidal coils by readapting the mathematical formulation
implemented earlier [79]. The equations [78] used in our simulation to mini-
mize the phase noise in the interferometric signal (complete simulation code
provided in Appendix B) are written below in cylindrical coordinate system
(p, ¢, z) as follows:

2 2 1272 1 2 _q M+
A, =x [nk(k = kh IC(kQ)——S(kQ)+h Ex(h?, k:2)>] (4.23)

k2h? k? h?
777
where

_ ol R

AT p
Ll
Ne =2 5
_ 2v/Rp
" R+p

Rp
[ L —
- \/(R+p)2+ni

where A, is the vector potential and K, £ and &, are elliptic integrals of first,
second and third kinds respectively. Now, using the relationship between
magnetic field density and vector potential (E =V x ff), the radial and
axial components can be expressed in cylindrical coordinate system as:

r M+
wl [R[K2—2  , 2.,
B, = — k =&k 4.24

n—

ol 2 R—p 2 1.2
B, = —|nk| K(k —&:(h", k
Arl\/Rp 1 ( (k) + R+p ( )>

N+

(4.25)

n—
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H Physical parameters: Bias coil (for 4 m tower) Magnitudes H

Coil altitude 4 m

Number of turns per metre/ altitude 1000
Coil current chosen 10 mA
Coil activation time 440 ms
Chosen internal diameter for 4 m tower 35 mm

Table 4.2: Technical information used for the bias coil in all the simulations.

4.9 Phases obtained due to the sole effect of
bias coil

The purpose of the bias coil is to define a quantization axis for the atoms
in the cold atomic cloud samples. This bias magnetic field coil [79] remains
switched ON throughout the complete experimental sequence. The experi-
mental sequence terminates at 440 ms. The simulation results for the cases
of single - atom gravity gradiometric sequences inside fountain tube of 4 m
tall length is shown in Figure 4.13. Technical information for bias coil used
in the simulations is listed in Table 4.2.

4.10 Monte Carlo simulation of the gradio-
metric sequence

Using the exact expressions of magnetic fields [78], a test code (in python)
was written and executed where the phases in each arm were calculated using
Simpson’s numerical integration method with 1100 equal parts in each arm
of both interferometers so as to keep good precision intact in the resulting
magnitude of the total gradiometric phase. Increasing number of parts for
Simpson’s method more than 1000 - 1200 does not change the result signif-
icantly, and it increases the computation time. First, this simulation was
written and executed for two single - atom Mach - Zehnder interferometers
(forming a gravity gradiometer, experimental sequence depicted in Figure
4.14) with separation distance of 23 cm, results for this scenario are shown
in the Figure 4.15. Simulation variables being set for this particular test
simulation are mentioned in Table 4.3.

Then this simulation was modified for 1000 atoms so as to produce the
result for the gradiometric phases for the two atomic clouds spanned in mag-
netically - insensitive hyperfine states inside the 4 m tall atomic fountain
tower. The results for extending this simulation to the case of atomic cloud
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x00: [ 0.0046138 -0.00129826 -0.00182171 ... 0.00376627 -0.00187263
-0.00644779]

y@e: [ 0.00323273 -0.00506025 ©.00504718 ... ©.00026375 ©.00100028
©.808585464]

z00: [-1.71479773 -1.72653178 -1.725@6147 ... -1.730@9988 -1.72599022
-1.73403403]

z11: [-1.50484309 -1.50172627 -1.49651885 ... -1.49616995 -1.48923546
-1.49319741]

vx: [-0.00956051 -0.02342772 -0.81455847 ... -0.0384967 -0.01235934
-0.083733147]

vy: [ ©.00860174 -©.03015551 -0.02745095 ... -0.02114025 -0.02098296
-0.081317942]

vz: [2.15606789 2.15600718 2.15685386 ... 2.15596203 2.15613536 2.15599551]

Number of parts for Simpson's integration in each arm: 1000
phiarmlU: 5.130603297175232

phiarm2U: -4.4933433864654715

phiarm3U: 4.49334808383742835

phiarmdU: -5.130603685787518

phiarmiD: 5.130699434923313

phiarm2D: -4.492520819872887

phiarm3D: 4.492522090733302

phiarmdD: -5.1306996878651395

Phase difference in interferometer - 1 is 1.274515558123@75
Phase difference in interferometer - 2 is 1.276356132182264

Gradiometric phase difference due to bias coil is ©.0018405740591891373

0.0175 { —— Phases (rad)

o 5 10 15 20 25 30
CURRENT (ma)

Execution time (s) :@ 278.51818013191223

Figure 4.13: Visual of the output at the the python console for phase calcu-
lation solely due to the effect of bias coil for the scenario of two single-atom
Mach - Zehnder interferometers forming a gravity gradiometer (example of 4
m tower): zgg and yoo indicate the positions of the atoms inside the cold cloud
samples across the XY-plane with a standard deviation of 5 mm, zgg and z1;
indicate the vertical positions of the two clouds with an inter-separation dis-
tance of 23 cm. In this example, the gradiometric phase is 1.84 mrad for
the two clouds with width of 5 mm located at vertical positions of —1.50
m and —1.73 m below the midway (point of origin) of the atomic fountain
tower. Code evaluation time is =~ 5 minutes on INTEL-i5 processor. Rele-
vant parameters used in the simulation are stated in Table 4.2. Lastly, the
graph shown the variation in gradiometric phase due to different values of
current applied through the bias coil at fixed points, i.e., for zpp = —1.73 m
and z1; = —1.50 m. And, this graph matches exactly with the specific value
reported in the simulation = 1.84 mrad (Y-axis) at 6.5 mA (X-axis).
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H Physical parameters: B - pulse coil Magnitudes
Coil altitude 26.6 cm
Number of turns per metre / altitude 1000
Coil current range 22.50 mA - 23.75 mA (9 ms)
(including atomic trajectories) 31.75 mA - 33 mA (5 ms)
Magnetic field modulus generated (At = 9 ms) 290 mG - 330 mG
Magnetic field modulus generated (At = 5 ms) 400 mG - 440 mG
Coil activation time(s) chosen (At) 5 ms, 9 ms
Coil activation time window (At) 4 ms - 10 ms

Table 4.3: Parameters and their respective magnitudes set in a test simula-
tion (see Figure 4.15) where two - single atom Mach - Zehnder interferometers
experience the resultant magnetic field of both bias and B-pulse coils. These
physical parameters are compatible with an atomic fountain tube standing 4
m tall.

are reported in the next section.

4.10.1 Monte Carlo simulation for the relative phase
calculation in the complete experimental sequence
for the case of two atomic clouds

Employing appropriate loop structures with invoking parallelization, the pro-
gram was modified such that it will produce new random values every time
it runs, therefore obeying Maxwell - Boltzmann distribution spanned inside
thermal cold atomic cloud samples. So, for one atom in each interferometer
with some random position defined according to the values of standard de-
viations, the program evaluates the relative phase of the two interferometers
producing results in the vicinity of 7/2, as shown in Figure 4.15, following
the trajectories as defined in Figure 4.14. So, if we choose to run the loop of
this program 1000 times, it gives the result for 1000 atoms. This program in-
dexes the atoms with atom number from 0 to 999, for the case of 1000 atoms.
Calculation of phase of each iteration is automatically stored in a .txt file in
the same folder where the windows batch file was saved and executed using
Anaconda Powershell Prompt. This combination of using a windows batch
file and Anaconda Powershell Prompt (called parallelization) contributed in
the optimization of the computation time by a factor of eight.

The variables arising from the cylindrical coordinate system, namely: r,
oy, v and o, , reveal the collective information about the atomic motion

spanned across the XY-plane, such that: r = /2% +y? o0, = /o2 + 02,
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Figure 4.14: Gradiometric sequence (along-with B-pulse coil): Sketch of two
parallel Mach-Zehnder interferometers separated by D experiencing magnetic
fields from bias and B-pulse coils, where the two parallel brown-colored dot-
ted lines indicate the B-pulse coil is switched ON for time range At (4 ms -
10 ms) in the second part of only one interferometer. Here, T' is the evolution
time for the atomic clouds, it also marks the half time of the experimental
sequence. This experimental sequence terminates at the time 27, which is
440 ms.
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Figure 4.15: Visual of the output at the python console for an example of two
single-particle Mach - Zehnder interferometers forming a gravity gradiometer:
Starting from the top to bottom, the python output console calculates and
displays the values of phases (in radians) calculated for all the arms, the last
value indicates the magnitude of ¢, in radians, calculated from the expression
of ¢, for T'= 220 ms with Ip_,use = 23.25 mA and [j;,s = 2 mA and other
parameter values listed in Tables 4.2 and 4.3.
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H Experimental parameters Fixed magnitudes H
Number of atoms in each cloud 1000
Fountain tube internal diameter 35 mm

Length (bias coil) 4 m
Length (B-pulse coil) 23 cm
Current (bias coil) 9.9 mA
Current (B-pulse coil) 19 mA
Time chosen 4 ms
Experimental sequence total time 440 ms
B - pulse coil activation permissible time window 4 ms - 10 ms
Bias coil activation time (27") 440 ms
Baseline 0.23 m
Calculated offset 1.735 m
At 222.11 ms
Ap 241.862 mm
Vo 216.688511 mm/s
g 9.80491 m/s?
Zm —4.6 mm
Recoil velocity of rubidium atom (v,) A~ 22 mm/s

Table 4.4: Fixed experimental parameters used in three - dimensional sim-
ulation for obtaining the phase - noise minimization condition.

H Variables Variations H

r {0.0,0.5,1.0,1.5,2.0} mm
ZDW {211 —0.2,211 —0.1,211,211 —|—O.1,le —|—02} mim
ZUP {ZOO —0.2,200 —0.1,200,200+0.1,Z()0+0.2} mim
oy {2.6,2.8,3.0,3.2,3.4} mm

o {2.8,2.9,3.0,3.1,3.2} mm

Uy {0.0,0.5,1.0,1.5,2.0} mm/s

v, {vo — 0.2,v9 — 0.1, v, v9 + 0.1, v9 + 0.2} mm/s
Ty, {14,17,20, 23,26} mm/s

O, {2.8,2.9,3.0,3.1,3.2} mm/s

Table 4.5: Nine variables governing the motion of atomic cloud and their
respective variations. These variations are set in the simulation producing

Ap =~ /2.
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vp = y/vz + v, and oy, =\ Jop + 07 .

Taking into account the complete information presented in Tables 4.4 and
4.5, a measurement campaign of 90 simulations was launched. Each variable
taking five values with inclusion and exclusion of z,, (optimization of the
gradiometer position with respect to the B-pulse coil). These 90 simulations
are distributed as 45 simulations evaluating unoptimized phases (excluding
zm) and 45 simulations evaluating optimized phases (including z,,). Infor-
mation about all the physical quantities associated with this simulation is
listed in Tables 4.4 and 4.5. The results of all these simulations describe
the phase stability when all the atomic cloud variables associated with the
modified experimental sequence to carry out phase noise minimization are
varied, reported in Figures 4.18 - 4.21.

4.11 Results from Monte Carlo simulation

All the results reported here are produced in the time span of about two and
a half months considering the example of a 4 m tall atomic fountain tower,
using a better computation machine at MAGIA-Advanced laboratory.

4.11.1 All variable behaviours associated with 3D sce-

nario

Here, we present the results for phase variations corresponding to selected
variations in all the participating variables (three - dimensional case) in the
gradiometric sequence. Results are graphically shown in Figures 4.16 - 4.20.

The ranges of the error bars for all the variables in these plots are reported
in Table 4.6. In Table 4.6, the labels NOPgrr and O Pgrpr indicate the error
ranges in the absence and presence of z,, respectively, concisely defining the
error bars for unoptimized and optimized phases. Also, Table 4.7 lists all
calculated corresponding averaged uncertainties AC' and ACz,; when z,, is
absent and present respectively. Here, averaged uncertainty is calculated by
taking mean of the lower limit and the upper limit of error bars for each
variable.
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H Variable (Units) NOPgrg(prad) OPggrr(urad) H

o (mm) 55-57 41-44
0y, (mm/s) 60-62 48-50
7, (/5 56-73 4767

o, (mm) 54-62 46-49

7 (mm) 55-50 40-46

ZUP (m) 53-57 40-43
v, (mm/s) 57-72 40-59

v, (m/s) 53-55 40-42

Table 4.6: Reduction in lower and upper limits of the error bar ranges when
Zm is included in the Monte Carlo phase noise minimization simulation. Here,
NOPgrr and OPgrp indicate the error ranges in the absence and presence
of z,, respectively.

H Variable (Units) AC ACzym H
o, (mm) 5.60x 10° G 4.25x 100 G
0y, (mm/s) 6.10x 107> G 4.90x 107 G
Oy, (mm/s) 6.45x 107> G 5.70x 107> G
0, (mm) 5.80x 107° G 4.75x 107° G
r (mm) 5.70x 10° G 4.30x 10° G
Zow (m) 545x 10° G 415x 10° &
2up (Hl) 5.50x 10 G 4.15x 107 @
v, (mm/s) 6.45x 10> G 4.95x 10 G
v, (m/s) 540x 107° G 4.10x 107° G

Table 4.7:  Decrease in averaged uncertainties in the possible measurement
of G (calculated from the information in Table 4.6) when z,, in included in
the simulation dealing with minimizing the phase noise. AC' and ACz,; are
measures of accuracies when z,, is absent and present respectively.
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Figure 4.16: Phase variation with respect to change in the values of variables
r and o,. Note that » = 0 and o0, = 0 indicate a situation when most of
the position of atoms (and their changes) are very close to the centre of the
atomic cloud.
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Figure 4.17: Phase variation with respect to change in the values of variables
v, and o,,.. Note that v, = 0 and o,, = 0 indicate a situation when velocities
(and the change in velocities) of most of the atoms inside the atomic cloud
are negligible.
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Figure 4.18: Phase variation with respect to change in the values of variables
zyp and zpw .
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Figure 4.19: Phase variation with respect to change in the values of variables
v, and o,,.
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Figure 4.20: Phase variation with respect to change in the values of variable
0.
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4.11.2 Comments about graphs

In this Chapter, we have scrutinized how the magnetic fields employed in
the experimental sequence affect the stability of the gradiometric phase. Ad-
ditionally, A¢ shows no clear trends with respect to any variable governing
dynamics of the atomic clouds. But still, we carried out these simulations
so as to check the stability in our results (A¢). In some graphs (like o,.), it
may seem like it exhibits a linear trend, but the reality is that all the graphs
(Figures 4.16 - 4.20) happen to be random fluctuations rather than being
a part of systematic variation. To summarize, if one carries out infinitely
many simulations taking infinite number of variations across the X-axis (all
the variables in Figures 4.16 - 4.20), then one would be able to observe that
all the phase values (Y-axis of Figures 4.16 - 4.20) average to one particular
value. The maximum relative variations are always within 10=* G (for both
cases of optimized and unoptimized phases). We conclude that, given the
typical stability of an atomic fountain, the phase noise minimization setup
of the experiment allows to integrate A¢ down to 10~* resolution prior to
shift the source mass position.

4.11.3 Peak-to-peak variations

Now, we present another effective way to describe simulation results. This
is done by calculating peak-to-peak variations (denoted by A¢§_P ). Mathe-
matically speaking, Aqﬁg’P is the difference between maximum and minimum
value in each atomic cloud parameter (in the simulation) for each uncertainty
percent introduced in our simulation. These results are reported in Table 4.8.

4.12 Stability of fixed parameters

In this Section we present the sensitivities of our results due to slight varia-
tions in the possible fixed parameters stated in Tables 4.1, 4.2, 4.3 and 4.4.

4.12.1 Baseline stability

The baseline (d) is a parameter that defines the vertical separation distance
between the centre of mass coordinates of the upper and lower clouds. Con-
sidering each cloud containing 1000 atoms, the standard deviation in baseline
becomes 1.35 x 10~* m, with its mean value being equal to 0.2299 m. Here,
baseline is calculated using d = (zyp—zpw ) +1 (vYF —vPW) where the inter-

rogation time 7' is kept fixed at 220 ms with position and velocity variables
along the axis of gravity following a normal distribution.
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Parameters (units) AQSN(P P)(,urad) A¢O(P P (urad)
o, (mm) 60.05 51.65
0y, (mm/s) 34.85 31.38
70, (mn/5) 115.92 90.65
v, (mm/s) 85.82 81.05
r (mm) 62.44 56.08
o, (mm) 157.21 158.72
Zpw (m) 56.16 08.33
v, (mm/s) 154.58 141.27

Table 4.8: A¢g<P*P> and A¢2(P7P) represent unoptimized and optimized
peak-to-peak variations respectively for each participating parameter in the
simulation. The standard error is equal to 45 urad, equivalent to 31 x 1076

G.

4.12.2 Phase sensitivity due to variation in bias coil
current

The percentage errors in the phases produced by two parallel atom interfer-
ometers for three values of bias coil current are listed in Table 4.9.

The six values of relative sensitivities for unoptimized and optimized
phases are reported below. This is done by comparing the single-atom phase
values from simulations ¢™¥s (unoptimized) and ¢“s (optimized) with theo-
retical phase values ¢™” (unoptimized) and ¢°7 (optimized) for each value
of bias coil current as follows:

Ns

Sogma =1 — 24 = 1.85 x 107°
9.8mA
Os

SO, =1— 28mA _ 9945 1074

Soua =1 — 2Imd — 168 x 107°

Sioa=1— ]1\?;7“‘—267><10 3

10mA
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H Inias (mA)  Pyo Pyn H

9.8 0.0294% 0.1855%
9.9 0.0495% 0.1685%
10.0 0.0393% 0.2674%

Table 4.9: P,o and Py~ representing percentage errors in optimized and
unoptimized phases with respect to a slight current variation of 0.1 mA in
the bias coil.

Ogs
Sioma =1 — —524 =392 x 107
10mA
Note that while obtaining the above calculated values, B-pulse coil was
not turned off and its current value was fixed at 19 mA. All the phase val-
ues for three different current values are calculated here incorporating the
experimental scheme explained in Chapter 3, but only for two single atoms

(separated by a fixed baseline).

4.12.3 Phase sensitivity due to variation in B-pulse coil
current
The percentage errors in the phases produced by two parallel atom interfer-
ometers for three values of B-pulse coil current are listed in Table 4.10.
The six values of relative sensitivities for unoptimized and optimized
phases are reported below. This is done by comparing the single-atom phase
values from simulations ¢™s (unoptimized) and ¢“s (optimized) with theo-

retical phase values ¢™* (unoptimized) and ¢©7 (optimized) for each value
of B-pulse coil current as follows:

Sh o =1—9md 9671073

SQoa=1—"md 3093107
Sl oma = 1 — —89md — 814 x 1073
S oma =1 — —2ImA — g 44 x 1074

Sl gma = 1 — —288mAd — 149 x 1073
18.8mA
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H Ip_puse (MA)  Pyo Pyn H
18.8 0.0051% 0.1487%
18.9 0.0844% 0.8139%
19.0 0.0393% 0.2674%

Table 4.10: Pjo and Py~ representing percentage errors in optimized and
unoptimized phases with respect to a slight current variation of 0.1 mA in
the B-pulse coil.

Os
o _ 1 _ Pigsma _ -5
SlS.SmA =1 Or 5.10 x 10
18.8mA

Note that while obtaining the above calculated sensitivity values, the
bias coil was not turned off and its current value was fixed at 10 mA. All the
phase values for three different B-pulse current values are calculated here as
explained in Chapter 3, but only for two single atoms (separated by a fixed
baseline). The phases evaluated when the current in the B-pulse coil was set
to 18.8 mA and 18.9 mA satisfied the phase noise minimization condition of
A¢ =~ 7/2 less precisely when being compared to the B-pulse coil current
being set at 19 mA. So, all the main results reported in this Chapter are
produced with B-pulse coil current being set to 19 mA.

4.12.4 Phase sensitivity due to z,,

It is clear from the calculated single-atom sensitivity values (in Sections 4.12.2
and 4.12.3), the importance of the parameter z,, governing the optimized
position of gravity gradiometer with respect to the B-pulse coil. The calcu-
lations in the preceding sections reflect an increase in the relative sensitivity
by one order of magnitude just for the case of single atoms. Whereas, the
information reported in Tables 4.9 and 4.10 clearly show that the inclusion
of z, leads to reduction of percentage errors by one order of magnitude.
This is justified when we compare both P,o and Pyv (Tables 4.9 and 4.10)
considering the current variation of 0.1 mA in both bias and B-pulse coils.

4.13 Designing new anti-helmholtz coil sys-
tem
The idea of two-dimensional magneto-optical trap (2D-MOT) plays a vital

role in realization of several methods, techniques or effects such as: Electro-
magnetically Induced Transparency (EIT) [80, 81], EIT based cold atomic
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Quantum Memory [82, 83, 84, 85] with high storage efficiency [86, 87]. A
decade ago, a pair of rectangular coils in the MOT for the production of cold
atom clouds with large optical density was implemented [88] inspired by the
2D-MOT systems achieved in the past [89, 90, 91, 92, 93, 94, 95, 96, 97, 98].

In this thesis, the 2D-MOT system in the new design consists of two pairs
of rectangular coils arranged in an anti-helmholtz configuration [99]. Instead
of circular coils, the rectangular arrangement were preferred because in the
case of rectangular coils, there exists a larger area in which the magnetic field
remains uniform.

4.13.1 2D-MOT coil system with rectangular arrange-
ment: Mathematical Analysis

As shown in Figure 4.21, we have two pairs of coils, one pair of rectangular
coils parallel to each other in XZ plane and the other pair of rectangular
coils parallel to each other in YZ plane arranged in an anti-helmholtz cur-
rent flowing configuration. In Figure 4.21, the tiny red bubble indicates the
coordinates of origin (0,0,0) in a 3D cartesian system, where the essential
condition B(0,0,0) = 0 was verified. At this point of origin, the magnetic
field resulting from all the coils should sum to zero, which was clearly ob-
served, as shown in Figure 4.22.

The length and breadth of the rectangular coil are 2a and 2b respectively.
Here, we have calculated and plotted the total magnetic field of the system
of two pairs of rectangular coils by first calculating vector potentials across
each axis for all the coils for rectangular anti - helmholtz coils. The curl of
the total vector potential will yield the magnetic fields along all the three
axes. A theoretical derivation was done and all the relevant physical param-
eters were calculated (reported in this Section) using MATHEMATICA, the
code evaluation time was ~ 14 minutes on INTEL-i5 processor. The vector
potentials for lower half part in the first pair of coils are:

S b - b ]
pol dz | | pol /(—dz)
Az y 2y =1l [ &2 12
@y =" 5| T Rs (4.26)
L_p n L .
ol [ [ =] ol ']a<—dz>'
Ag(z,y,2) = L) [ & 4.27
(z,9.2) 47 Ry + 4T Ry ( )
Ay(x,y,2) =0 (4.28)
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where,
R =(z—5) 4+ (x+a)*+ (y+d)?
Ry=(z—8)?+(y+d?*+(z—0b)?
Ri=(z—5)+(x—a)*+ (y+d)?
Ri=(z =)+ (y+d°+(z+0b)°

The vector potentials for upper half part in the first pair of coils are:

(=dz)

T A4n R_’l AT

b b
I dz I
L b - Ly

1l

4m R, A

Ay(z,y,2) =0

where,
R?=(z—s)"+ (v +a)*+(y - d)’
Ry =(x—3s)+(y—d?+(z—b)?
R?=(x—a)’+(y—d)?+(z—s)?
R?=(x—5)*+(y—d)?+ (2 +b)’

(4.33)

The vector potentials for upper half part in the second pair of coils are:

—a

a

I I —
Ay(ZL‘,y,Z) = ML /@ Iuo / ( dy)
A R, 4 Ry
[ 7d I f(—az)
Ho 4 Ho —az
Az 'y Yy = Y
(37 4 Z) 4 /Rl + 47 / Rg
b b
A(z,y,2) =0

(4.40)

(4.41)

(4.42)
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where,
R=(x—d?+(y+a)?’+(z—s)? (4.43)
Ri=(x—d)?+(y—a)P+(z—s)? (4.44)
Ry=(x—d’+({y—s)’+(2—b) (4.45)
R=(z—d)*+ (y—s)?+ (2 +0b)? (4.46)
The vector potentials for lower half part in the second pair of coils are:
b , b( 02)
—dz
Au(z,y, 2 / “ 0 / e (4.47)
A 3
pol r dy | | pol /a(—dy)
A =— —= 4.4
where,
R?=(z—35)+ (z+d)?+ (y +a)? (4.50)
R =(z+d)?+ (z—5)°+ (y —a)’ (4.51)
R =(z+d)?+ (y—s)*+ (z —b)? (4.52)
R?=(y—s)+ (z+d)*+ (2 +b)? (4.53)

These all vector potentials were derived analytically and computed from our
simulation. After, it was written as a total vector in the following form:

A=A+ A+ Ak (4.54)
The squared magnitude of the curl of the above equation results as:

B*(x,y,2) = (B.)* + (B,)* + (B.)* (4.55)
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Figure 4.21: First and second pair of rectangular coils in the two-dimensional
magneto-optical trap of the new design. The clockwise and anti-clockwise
arrows indicate the direction of current flowing through the coils.

4.13.2 2D-MOT coil system - Calculation and Simula-
tion: Coil parameters, magnetic field and mag-
netic field gradients

Magnetic fields and magnetic field gradients generated by all the coils along
X, Y and Z axes are depicted in Figures 4.22 - 4.24. Other important param-
eters for the preparation and to ensure the functioning of 2D-MOT system
- current, coil length, coil resistance, magnetic field gradients along all axes
and power dissipation due to the coils, which are calculated as follows:

1. Peak magnetic field gradients: The peak value of magnetic field gradi-
ents across X, Y and Z axes were deduced from the value marking the
peaks pointing along plots of Y-axis in Figure 4.23. The total magnetic
field gradient of the system is expressed by the following equation:

2 2 2
dBpeak(x> Y, Z) _ dBpeak(aja Y, Z) + dBpeak<x> Y, Z) + dBpeak(ma Y, Z)
dr(x,y, z) dx dy dz

(4.56)
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As per our data, the values from Figure 4.23 are:

dBpeak dBpeak

= =14 4.
i 2 G/cm (4.57)
dBpeak -

2. Coil Length: The desired coil length L is evaluated as follows:
L =2nyn,((A+ B)+2d(n, — 1)) =27 m (4.59)

where n;, and n, denote the number of turns in horizontal direction
and number of turns in vertical direction respectively. They are taken
as np = 7 and n, = 8. In above equation, d denotes the cross-sectional
diameter of the coil which is taken as d = 0.0015 m, A and B denote the
length and breadth of the rectangular coils including the cross-sectional
diameter d.

3. Coil Current: The value of current in all the coils is the ratio of peak
value of magnetic field gradient to the absolute value of the gradient for
1 A of current flowing through all the coils. Magnetic field gradients
along X and Y axes when 1 A of current will be passed through the
coils is 2.33 G/cm, provided that the magnetic field gradient of the
system is 14 G/cm because we want to circulate a current magnitude
~ 6 A in our coils. With this information, we have:

_ dBpeu / dB
d(z,y)" d(z,y)

Figure 4.23 shows that the magnetic field gradient along Z - axis is 10.5
G/cm for 6 A of coil current, which implies the magnetic field gradient
along 7 - axis for 1 A of current is 1.75 G/cm, this reduced magnitude
comes from the reason that all of our rectangular coils are spanned
across XZ and YZ planes (Figure 4.23), all sharing Z as a common axis
for magnetic field and magnetic field gradient contributions.

~6 A (4.60)

4. Coil Resistance: The correct magnitude of the coil resistance Ry is
calculated as follows:
L
Reoit = =2 ~ 257 mQ) (4.61)
s

where L = 26.992 m, p = 1.68 x 1078 Qm is the resistivity of the copper
coils and s = 1.76715 x 10~% m? is the cross - sectional area of the coil.
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Figure 4.22: Plots of the magnetic fields versus axial along all three axes. An
important condition B(0,0,0) = 0 was verified from this simulation leading
to these plots.

5. Power Dissipation: Power dissipation is evaluated as follows:

P=RI*~927TW (4.62)

Note that in our case, the half - value of the distance from the centre of
the MOT to the internal face of the second pair of rectangular shaped coil
is taken to be 37 mm. Hence the observation in graph 4.23 is in agreement
that with this distance of 37 mm, one would expect trapping along X and Y
axes while atoms being almost free across Z - axis. This expectation makes
sense because in Figure 4.23, the magnetic field gradient along the Z - axis
is negligible within the stretch of about 80 cm.
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Figure 4.23: Plots of the peak magnetic field gradients versus axial distance
for all three axes.

Figure 4.24: 3D-plots of the peak magnetic field gradients: The plot at the
top shows the behavior of the magnetic field gradient in XY plane, the other
two below 3D-plots show the behavior of magnetic field gradient in X7 and
YZ planes.
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4.14 Conclusions and Outlook

Taking into account all the results presented in this Chapter, we can con-
clude that the interferometric signal of the atomic clouds undergoing a Mach-
Zehnder interferometric sequence can be maximized by employing the idea of
second order Zeeman effect. Experimentally, this idea should be able to pro-
duce interferometric fringes with a good contrast and least possible noise. In
the near future, higher relative accuracy than reported in this thesis can be
achieved provided that experimentalists should be able to load more number
of atoms in the MOT chamber as compared to the atomic population consid-
ered in our simulations. Other two parameters which will play a vital role in
increasing the relative accuracy for high precision measurements in the ex-
periments of gravity gradiometry are: height of atomic fountain tube and the
interrogation time. Taller the atomic fountain tube, more is the interrogation
time. For example, if we consider an atomic fountain tube which is 1 m tall
with an interrogation time of 160 ms [66], then interrogation time for a 4 m
tall atomic fountain becomes 220 ms (as accounted in this thesis). Effects of
longer interrogation times in the gravity gradiometry experiments without
the implementation of the phase noise minimization scheme is shown in Fig-
ure 4.25. Also, not to forget that the sensitivity to inertial effects increases
as the square of interrogation time.

An important outlook concerning the phase noise minimization scheme
described and implemented in this thesis is presented as follows. The atom
interference fringes detected at the upper and lower interferometers have a
fixed phase difference proportional to the gravity gradient experienced by
the atomic clouds. Therefore, when plotted one as the function of the other,
atom interference fringes trace an ellipse whose eccentricity and rotation
angle provides a measurement of the differential phase shift. As presented in
this work, it is crucial to open the ellipse to minimize the error with which
the differential phase is extracted. In fact, implementing the phase noise
minimization scheme (by introducing a controlled phase shift in the vicinity
of 7/2) helps the elliptic contour transform into a circle, and that circle
degenerates into a straight line representing a zero phase shift, henceforth
displaying the cancellation of gravity gradients.

A concluding outlook on the experimental scheme presented in this thesis
is that this unique apparatus will serve as a foundation for independent
measurements of Newtonian Gravitational constant and precision tests of
gravity to reveal new scenarios in physics.
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Figure 4.25: Effect of longer interrogation times on the interferometric sig-
nal in a gravity gradiometer: In the case presented at the left, a pair of
clear sinusoidal interferometric signals are visible, but resulting in an ellipse
which is not easily readable. In the case presented at the right, same pair
of sinusoidal interferometric signals become very noisy, but yield a readable
ellipse.
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Chapter 5

Source Masses: Design,
Calculation and Simulation

In this Chapter, we state the two possible source mass designs to produce
a linear gravitational acceleration profile for the purpose of gravity gradient
cancellation with a high relative accuracy using significantly lesser number
of atoms in atomic cloud samples. These two favourable configurations are
shown in Figure 5.1.

5.1 Source Mass Design: Geometrical Con-
figuration - I

Source mass tower is arranged in the form of 16 individually (and closely)
stacked identical - cylindrical tungsten source masses each with a height of
3.75 ¢cm and radius of 10 cm. There are 12 identical source mass towers
forming two hexagonal enclosure rings around the atomic fountain tube, as
shown in the left side of Figure 5.1.

In order to include the hexagonal symmetry (only in configuration - I)
and other effects from all the source mass towers, accurate knowledge of
coordinates is necessary. All the coordinates in hexagonal configuration are
defined in Figure 5.2.

5.1.1 Z - Coordinates

The sixteen cylindrical source masses stacked one above each other can be
expressed by the following equation:

2" = Hp — Hn, + D (5.1)
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Figure 5.1: Two atomic clouds separated by a calibrated baseline D produc-
ing phases due to the design of source masses ¢y and from fictitious grav-
ity gradient ¢r. arising due to two different geometrical configurations and
choice of materials, LEFT: Geometrical arrangement comprising of stacked
individual cylindrical tungsten source masses supported by aluminium torus
platform, RIGHT: According to this geometrical construction, the source
masses are prepared using 43 stacked copper rings, each of them possessing
same torus geometry.
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where H is height of one cylindrical tungsten source mass, Hy is the height
of source mass tower, D is the distance of the lowest located source mass in
the complete configuration of source mass tower with respect to the ground
and n; =1/2,3/2,5/2,7/2,9/2,...,31/2. Here, n = 1 gives the Z - coordinate
of the cylindrical source mass located at the topmost position of the source
mass tower. Similarly, n = 2 gives the Z - coordinate of the cylindrical
source mass stacked exactly below the cylindrical source mass located at the
topmost position of the cylindrical source mass tower.

5.1.2 X and Y - Coordinates

Let a:éo) and yz@ be the X and Y coordinates of the cylindrical source mass in
ith hexagonal ring, with x§0> =a/2+ R and yfo) = R, where a is the radius
of the atomic fountain tube and R is the radius of cylindrical source mass.
Using the idea of 2 x 2 rotation matrix, other coordinates can be expressed
as a linear combination of xEO) and y(o), as follows:

xl(l) cos(m/3) —sin(m/3) xZ(O)
(?A”) - Lin(ﬂ/i%) cos(m/3) ] y O (5.2)

cos(2m/3) —sin(27/3) x,EO)
B Lin(%/?») cos(2m/3) } <y50>> (5.3)

T, _ |cosm —sinm ngo) 5
y@ ] " sinm cosm | | 4© ‘

cos(4mr/3) —sin(4w/3) IZ(*O)
B Lin(47r/3) cos(4r/3) } ( <0>> (5.5)

cos(bm/3) —sin(bm/3) xEO)
- Lin(fnr/i%) cos(57/3) ] ( <o>> (5.6)
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Figure 5.2: Cylindrical source masses (blue hollow circles) forming a hexag-
onal pattern starting from the individual cylindrical source masses located
at the top of the six identical source mass towers, the other ones shown
at the bottom of the figure denote the masses located at the bottom of the
tower(closer to the ground). Calculation of all the coordinates is explained in
Sections 5.1.1 and 5.1.2. Red hollow circle denotes the atomic fountain tube
of the new design, and the pale grey colour-filled circles denote the atoms.
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5.1.3 Gravitational Potentials and Accelerations

In this Section, we discuss about the comparison between the equations and
nature of the gravitational potentials and accelerations deduced by two differ-
ent mathematical approaches [17, 100]. This was crucial as it was necessary
to determine the coinciding point between gravitational potential formula-
tion of these two methods. One out of the two methods marks gravitational
potential as a truncation of terms representing series governed by the value of
azimuthal quantum number [ [17], whereas the other represents an exact an-
alytical solution [100]. The primary focus while deriving the exact analytical
expression [100] was the calculation of standard deviation and the differential
phase shift (see Figure 1.1 and Section 1.3) due to the uncertainties of the
mean values of the initial coordinates and the velocities of atomic clouds,
intended for a high precision measurement of G.

Comparison of Gravitational Potentials: Truncation v/s Analytic

Let R, p and h be the radius, density and height of cylindrical source mass
respectively. Analytical formulation [100] provides the gravitational potential
equation in terms of cylindrical coordinate system as follows:

o002 = 200 [y /+ Y ( e <2> 57

Hence, to compare this potential with the gravitational potential from mul-
tipole expansion, this equation was first rewritten in the form of cylindri-
cal coordinate system. Equation for potential generated by homogeneous
cylindrical mass distribution [17] having mass M, height h and radius R in
cylindrical coordinate system is:

Ur,z) = Zﬁ?l“g() (a?) (5.8)

where v and [ are dimensionless coefficients:

T

5(7“)—§

_ N
“ToR

and

7,,/

r_
VTR
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[ U o]
0.1 —1.48074 x 1078 —1.48074 x 1078
0.2 —7.27304 x 107 —7.27304 x 107*
0.3 —4.77631 x 107 —4.77630 x 107°
0.4 —3.56225 x 107 —3.56222 x 10~*
0.5 —2.84221 x 1077 —2.84228 x 107*
0.6 —2.36516 x 107 —2.36515 x 107°
0.7 —2.02550 x 107 —2.02551 x 10~
0.8 —1.77132 x 107 —1.77132 x 107°
0.9 —1.57382 x 107 —1.57389 x 10~*
1.0 —1.41611 x 107 —1.41611 x 107*

Table 5.1: Matching of gravitational potential from analytical and truncated
approaches upto fourth decimal place.

, 27

T h
Values of r were incremented with 10 cm from 0 to 1 m, so as to compute
the gravitational potentials using equations 5.7 and 5.8 for comparison of
results. For [ = 3 in equation 5.8, the gravitational potential was matched
upto fourth decimal place as reported in the Table 5.1. Here, Uy is calculated
from equation 5.7 and Ur is calculated from equation 5.8.

The Table 5.1 applies for truncation of terms upto [ = 3 for column
Ur. With R = 0.1 m, h = 0.0375 m, p = 18000 kg/m?, M = 21.2058 kg,
a = 0.1875 at [ = 3, the coefficients and terms in equation 5.8 reduce as
follows:

u

0.1 IU jU SU> (59)

U(r,z)|i=s = —1.41 x 10~° (_ _ v, Ju v

r rd r9 r12
where:
Ty = —1.19 x 107%(32% — %)
Ju = 1.34 x 1077 (3r* — 30r?2% + 352%)

Sy = 3.67 x 1071%(=57r% + 105712 — 315r22* + 2312°)

Truncation of series in equation 5.8 upto [ = 3 resulted in the potential
described by the equations above and are depicted as a 3D-plot in Figure
5.3. Likewise, the 3D - plot resulting from equation 5.7 is shown in Figure
5.4.
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Figure 5.3: Truncated Potential: 3D-Plot using equation 5.9.

Figure 5.4: Analytical Potential: 3D-Plot using equation 5.7.
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Comparison of Gravitational Accelerations: Truncation v/s Ana-
lytic

Gravitational acceleration arising from the gravitational potential (from se-
ries - truncation approach [17]) is deduced as follows:
oU(r, z)
or

The above equation reduces for R = 0.1 m, & = 0.0375 m, p = 18000 kg/m?,
M = 21.2058 kg, o = 0.1875 at | = 3 as follows:

Ar =

(5.10)

238x 107 0.1 T
AT|l:3:1.41><10—8(; 01 Za, Ja_Sa_Va QA) (5.11)

714 r2 76 79 rl0 13 rl4

where:
Ty =5.95x107%(322 — r?)
Ja =134 x 1077(12r® — 6027?)
Sa=1.21x10753r* — 30122 + 352%)
V4 = 3.56 x 10719(420r322 — 30r° — 630rz*)
Q= 4.63 x 1077(1057*2% — 5r° — 315r22* + 2312°)

Now, equation 5.11 needs to be compared to the analytical expression for
gravitational acceleration [100]. Gravitational acceleration determined from
analytical approach is stated as follows:

Aa =2Gp(g.(r,z) — g-(r,z — h)) (5.12)
where:

= < T r r
97“(7'7 C) - (2T\/m> [gIC< 7C)+g€( >C) +g€ﬂ< 7()} (513)

such that IC; £ and &, denote elliptic functions:

e 9 9 rR

) 9 4rR
ge(r,¢) = (CC + (r + R)*)E (m)
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H r(m) AA .AT H
0.2 —3.82951 x 10~® —3.82140 x 10~°
0.3 —1.62693 x 107 —1.63236 x 10~®
0.4  —9.01230 x 1077 —9.03528 x 107*
0.5  —5.72765 x 1077 —5.73803 x 10~*
0.6 —3.96254 x 107 —3.96779 x 107°
0.7  —2.90466 x 107 —2.90757 x 107*
0.8 —2.22062 x 1079 —2.22235 x 10~
0.9 —1.75280 x 107 —1.75389 x 10~
1.0 —1.41875 x 1079 —1.41947 x 10~?

Table 5.2:  Gravitational accelerations produced by set of dense tungsten
source masses arranged as per configuration - I from analytical and truncated
approaches.

Figure 5.5: Truncated Acceleration: 3D-Plot using equation 5.11.

(r2 — R?)?
(r+ R)?

9ex (1, ¢) = ( (T+R)2|C2+(T+R)2

>(<2—|—(T+R)2)gﬂ< ArR ArR >

Several values of r were chosen from 0 to 1m, so as to compute the
gravitational accelerations using equations 5.11 and 5.12 for comparison of
results presented in Table 5.2.

The gravitational acceleration profiles in both the cases are shown in
Figures 5.5 and 5.6, with exact values provided in Table 5.2. Figure 5.7
shows the comparison of both gravitational acceleration and potential profiles
calculated from both of these methods [17, 100].
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Figure 5.6: Analytical Acceleration: 3D-Plot using equation 5.12.

Source Masses: Total Gravitational Potential

Equation for potential generated by homogeneous cylindrical mass distribu-
tion in cylindrical coordinate system is:

U(r,z) = _G]]%W Zﬁ%tl Qi(a?) Py (;) (5.14)

=0

/_1 / ( u(loéu /7 + (o) ) (0" + (au')?) dv'du’ (5.15)

where « and (8 are dimensionless coefficients:

with

B(r)=— (5.16)

h
= 0.1875 5.17
Y (5.17)

Magnitude of the position vector 7" (between the coordinates of atom (x,y, 2)
and coordinates of source mass (2%, y¥, 21*)) for the case of ith (in our case, the
ring assumes a hexagonal form) ring of source masses modifies (in cartesian
coordinate system) as follows:

. _\/x_x (y — y*)? (5.18)
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Figure 5.7: Comparison of values of gravitational accelerations and gravita-
tional potentials (for different values of r), using multipole expansion from
truncated approach [17] for 2] = 6, as this was matched with exact analytical
solution [100].
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resulting in the modification of 3:

R R
P =3 Vi —af) + (y - yf)? 19

Gravitational potential experienced by single atom in one gravimeter due to
1th ring of source masses is:

D2+ (v —u)?
(5.20)

GM & z— 2z
Ux—al, y—yf, 2—21) = ——— 219 (a?) P :
( i Y=Y ) R ;5 1(a”) Py \/(I_I

Total gravitational potential experienced by single atoms in each gravime-
ter due to all the source masses is expressed as:

1 16 5
=0

i=0 n=1k

Gravitational potential difference (equation 5.21) experienced by two indi-
vidual atoms (for example; if one atom is located at 1.54 m and the other
atom is located at 1.77 m above the point of origin of the fountain tube)
inside the atomic fountain tube surrounded by the two concentric hexagonal
rings ¢ = 0 and ¢ = 1:

U’z:1.54 = UZ‘:()(SC—QZ'(), Y—Yo, 1.54—20)+Ui:1($—£l§'1, Yy—uyi, 154—21) (522)

Ul.m1.77 = Uimo( =20, y =10, 1.77—20) + Uizr (x — 21,y — 11, 1.77—21) (5.23)

leading to gravitational potential difference Uprr experienced by two - single
atoms forming a gravimeter:

Uprrr = Ul.=1.77 — Ul.=154 (5.24)
Extending all this knowledge to the case of atomic clouds, a Monte Carlo

simulation was developed to produce the results shown in Section 5.6, of
which the complete code is provided in Appendix B.
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Torus-shaped Platform: Gravitational Potential

The purpose of the torus-shaped platform is to support the massive collection
of the dense tungsten source masses (in configuration - I). When the platform
is included in the system of source masses, platform will also play a role along
with the existing system in impacting the atomic clouds with its gravitational
potential.

For a torus-shaped platform, forming one external and one internal rings,
their gravitational potential is expressed as a difference of gravitational po-
tentials of two rings with unequal radii, resulting in the formation of internal
and external rings of a torus. This is done because there is supposed to be a
vacuum region created due to unequal radii of the two torus-shaped rings.

For the internal ring:

Ur,, (r,z) = =Gmpari (Vi(2) + 0.5((r))*Va(2)) (5.25)

where p4; is density of aluminium platform, Vi (z) and V,(2) are z-dependent
gravitational potential terms expressed as:

Vi(z) =V + VP + VP 4+

Vi :af<<y(2)+bl> _ (y(z) —51)>

‘/12 = —((y(z) +b1) — (y(z) — b1))
= (y(2) + b1)(ha(z) — ha(2))
—(y(2) = bi)(hi(2) — h3(z))

and:

Vo(2) =V + Vi + V5 + V3

v X&h
W=t
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such that for the internal ring:

h(z) = \Ja + (y(z) — b)?

ha(z) = \Ja? + (y(2) + br)?

hs(2) = 1+ (y(z) — b)?
ha(z) = V14 (y(2) + b1)?

where:

Ti1
rinHy
2
Similarly, for the external ring:

b1:

URyo (1 2) = =Gmpariy(Vie(2) + 0.5(1(1))* Vae(2)) (5.26)
where:

Vie(2) = VL + V2 + ViL + Vit

Vi — ((y() +b2> ~ <y6<z> —m))

Vi = —((1e(2) + b2) — (ye(2) — b2))
V13e = (Ye(2) + b2) (hoe(2) — hue(2))
Vie = = (e(2) = b2) (hae(2) — hae(2))
and:
Vae(2) = Vo + Vag + Vao + Vi
Ye(z) + b2
h26(2’>
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ye(z) - b2
V2= =
2e hle(z)
+ by
V3 — ye(Z)
2e h4e(2>
ye(z) - bZ
vy = e
2 hge(Z)

such that for the external ring:

hie(2) = (/a3 + (4e(2) — ba)?

hae(2) = /63 + (4e(2) + bo)?
hae(2) = V1 + (4e(2) = b2)?
hae(2) = V14 (0e(2) + b2)?

where:

Ne(r) = —

ye(z) =

Te2
a9 — —
T2
_ TioHo
2
Hence, the gravitational potential (in cylindrical coordinate system) of the

torus-shaped platform becomes:

ba

Up(r,z) = Ug,,,(r,z) — Ug,, (1,2) (5.27)

Mathematical expression for phase due to source masses

In this Section, we theoretically state the phase calculation due to a set of
stacked monolithic cylindrical source masses in both the presence and absence
of an aluminium torus-shaped platform (described in preceding section). In
the past, some theoretical methods to calculate exact phase shifts [101] and
interferomtric phase shift fluctuations [102] have been demonstrated.

Let Uy p and Upy be the gravitational potentials experienced by atoms in
the upper and lower arms of a single-atom interferometer respectively, where
U is given by equation 5.21. The complete phase difference from time ¢ = 0 to
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= 2T due to the presence of new design of source masses is mathematically
expressed as:

m
Osm = %fUUP(x — T,y — Vi, 2 — %)dt
- % 7{ Upw(x — 23,y — yi, 2 — 2;)dl (5.28)

The above equation is valid for the case when there is no platform present.
To include the geometry of the platform, the gravitational potential of the
platform Up is also included:

m
MRy TOT
—T]{UDW (T — 24,y — Yi, 2 — z)dt (5.29)
where,
UTOT — 7 4+ Up (5.30)

5.1.4 Determination of radius of tungsten source mass
cylindrical disks

Using the mathematical formulation [100] for gravitational accelerations for a
dense cylinder in cylindrical coordinate system, we firstly estimate the region
in which source mass (made out of material of user’s choice) exhibits a linear
trend of acceleration due to gravity. This estimation is performed using our
result of [ = 3 which comes from a thorough study on the comparison between
the gravitational potentials and accelerations of a solid dense homogeneous
cylinder(preceding section). The equations are rewritten labelling all the
variables of interest here as follows:

A(r,z, R,h) = 2Gp <gT (7‘, z+ g, R) — gr (7‘, z— g, R)) (5.31)

where:

6,(r G, R) = ¢

such that IC, £ and &, denote elliptic functions:

> [g/C(r7 C? R) + gg<7’, C? R) + ge., (7“, C? R)]

e ) 5 4rR
g/C(T7C7R)_ (C +2r° + 2R )IC<Z2—|—(7"+R)2>
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) 9 4rR

B (r? — R?)? 2, 9 4rR 4rR
9e-(r. G, ) = < (r+ R)? )“ Tr+R) )5“<(r+R)2|C2+(r+R)2>

Furthermore, using the same mathematical formulation, the acceleration
experienced by a set of hexagonal arrangement of tungsten source masses
can be represented as:

A. =6A((2R, z, R, h) + 6A(2RV3, 2, R, h) (5.32)

and in the context of mathematical method following series truncation (the
result with [ = 3), the acceleration experienced is expressed as:

_OU(r,z, R, h)
0z

Plotting equations 5.31, 5.32, 5.33 and first-order negative partial derivative
of equation 5.9 provides a linear trend estimate for earth’s acceleration due
to gravity at H = 3.75 cm and R = 10 ¢m as shown in Figures 5.8 and
5.9. Figure 5.10 depicts a good level of compromise regarding the stability
of gravity gradient magnitude (within a permissible baseline for the experi-
ment) for chosen radius disk of 10 cm as compared to the other chosen radii
magnitudes (8 cm and 12 cm).

A, = (5.33)

5.2 Source Mass Design: Geometrical Con-
figuration - II

In this configuration, the source mass design assumes the geometry analogous
to that of the aluminium torus-shaped platform from former configuration
(Figure 5.11). The gravitational potential is taken of the form presented
extending equation 5.25 to 12 consecutively stacked copper rings:

12

U (r =7, 2—2m) = —GTpour? Z(Vl(z—zm)+0.5(n(r—rm))2V2(z—zm))

m=1

(5.34)

where the summation index m denotes the number of cascaded torus-shaped
rings. According to this design, the overall phase difference in the time circuit
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Figure 5.8: Plots representing variation in gravitational acceleration along
the axis of gravity - Upper Graph: Plot from equation 5.33, Lower Graph:
Plot from equation 5.31. Along with a display of linear trend, it is clearly
visible that both of these plots coincide exactly when the radius and height of
tungsten cylindrical disk are calculated to be 0.1 m and 0.0375 m respectively.
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Figure 5.9: Plots representing constancy in gravity gradient I',, along the
fountain axis - Upper Graph: Plot from equation 5.32, Lower Graph: Plot
from a negative first - order partial derivative (with respect to z) of equation
5.9 at [ = 3. Along with a display of linear trend, it is clearly visible that
both of these plots coincide exactly when the radius and height of tungsten
cylindrical disk are calculated to be 0.1 m and 0.0375 m respectively.
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Figure 5.10: Plots created using first derivative of equation 5.34: Variation
in gravity gradient I',, with respect to slight variation in the radius of the
tungsten cylindrical disk-shaped source masses. Here, the blue-coloured,
magenta-coloured and dark-yellow coloured curves mark chosen radius disks
as 10 cm, 8 cm and 12 cm respectively.
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from t = 0 to t = 27 becomes:

m
gﬂ = TRb j{ Ug},f.(r — Ty 2 — Zm)dt

— %j{Ugﬁ/(r — Ty 2 — 2 )dt

such that subscripts UP and DW in U respectively indicate upper and
lower trajectory arms of a single atom interferometer.

This configuration of source mass is carved out of copper simply because
copper as a material is cheaper and in our case it possesses a simplified ge-
ometry along with it being homogeneous and pure. As shown in Figure 5.12,
there are 12 identical copper rings stacked one above the other eventually
forming as a single copper torus-shaped block. As presented in this the-
sis, we present two different geometrical source mass configurations in order
to explore the physics arising from phase shifts arising due to gravitational
potentials impacted on atoms by different materials. With our established
design of configuration - I, we use an idea of a dimensionless parameter 7.

This ratio n = ,/;’TW is a relationship between the density of the materi-

als used to build source masses, hence in our case it is tungsten(py ) and
copper(pcy,). While in previous experimental schemes a high density value
was instrumental to cancel the Earth’s gravity gradient around trajectories
apogee, here such condition is no longer required. However, when we use
copper, the induced gravity gradient drops to half that of tungsten. There-
fore, the overall source mass system size needs to be recaliberated in order
to maintain the same gradiometric signal. With respect to this essential cri-
teria, since the phase resulting from the real gravity gradient (i.e., due to
the design of source masses) is proportional to the baseline and atoms drop-
ping distance, a reduction in the average gravity gradient I',, of a factor 7 is
compensated by an increase in linear dimension (and therefore total mass) of
/1. With this knowledge, this torus-shaped source mass geometry becomes
applicable and useful for the other source mass models created using any
suitable materials. Employing this dimensionless ratio 7, it results in scaling
of existing parameters of configuration - II with respect to configuration - I
as shown vividly in Table 5.3.

5.3 Precise estimation of initial 7 /2-pulse

In this Section, we precisely calculate the initial 7/2-pulse coordinates. In
the vicinity of these coordinates, our cold rubidium atomic cloud samples will
be launched when they are subjected under two different configurations of

109



Development of a New Apparatus for Precision Gravity Measurements with
Atom Interferometry

H Parameter(Units) Configuration-I ~Configuration-II H

p(kg/m?) 18300 8960
H(m) 0.6 0.617
REXT (1) 0.362 0.3627
R™T(m) 0.105 0.1057
Zo(mm) “161.7,-170 2322
T(s) 0.22 0.22/7
d(m) 0.23 023
vo(m/3) (T40.001) (T40.0017)

Table 5.3: Parameters impacted due to presence of 7, as used in simulations
regarding set of cylindrical tungsten source masses from configuration - 1
and cascaded copper rings in configuration - II. Here, p, H, REXT RINT
z0, T, d and vy respectively indicate the densities, complete source mass
arrangement height, external radius (of aluminium platform), internal radius
(of aluminium platform), initial 7 /2-pulse Z-coordinate, interrogation time,
baseline and atomic cloud launch velocity.

Figure 5.11: Cascaded torus - shaped source mass copper rings forming con-
figuration - II.
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source masses, configuration - I and configuration - II. This means that at this
event, the atomic clouds should traverse first half of their parabolic launch
from their modified Mach - Zehnder interferometric sequence as specified in
Chapter 3.

Using classical trajectory equations of atoms (equations 4.12 - 4.19) and
gravitational potential and gravitational acceleration equations from preced-
ing section, the idea here is to equate the first derivative of the gradiometric
phase (with respect to z) to zero which corresponds to determining locally a
region where the value of gravity gradient can be made linear and equal both
for upper and lower clouds. These first - order phase derivatives are marked
as @Y (for configuration - I with platform present), ¢4 (for configuration - I
with platform absent) and ¢S* (for configuration - II).

Studying the impact of the source mass system concerning both the con-
figurations, we estimated the initial 7/2-pulse coordinates (along Z-axis) of
atomic clouds precisely by plotting variation in first order derivative of gra-
diometric phase versus a possible range of values that constitute the off-
set points marking as initial 7/2-pulse coordinates of our cold atomic cloud
samples. Figures 5.12 and 5.13 show the Z-coordinates marking the initial
7/2-pulse coordinates, representing the variation of first derivative of gra-
diometric phase for configurations I and II respectively. For configuration -
I, the initial firing point for 7/2-pulse is —161.7 mm and for configuration
- 11, the initial firing point of 7w /2-pulse is —232.2 mm. The negative sign
indicates the initial 7/2-pulse coordinates are below the origin of the atomic
fountain, which lies at the midway of the complete atomic fountain tube.

These precisely estimated atomic cloud launch points were accounted in
our simulations, as stated later in Section 5.6.

5.4 Linearity of gravitational acceleration

In principle, we have a limited region where the constant behavior of gravity
gradients can be observed. For the sake of compactification of experimental
apparatus, it is wise to stay within an altitude range corresponding to a few
tons as per the total mass of desirable material to build the source masses.
For example, if we choose the experimental configuration with the parameters
listed in Section 5.2 for configuration - I, we have a region inside the atomic
fountain of 0.5 m where gravity gradient can be made constant. This length
of 0.5 m along the axis of gravity is 10 cm lesser than the total height of
source mass configuration in configuration - I. At the centre, the gravity
gradient is perfectly linear with visible nonlinearities at the edges. Strictly
speaking, in this region of 0.5 m, linearity is better than elsewhere inside the

111



Development of a New Apparatus for Precision Gravity Measurements with
Atom Interferometry

Figure 5.12: Variation of ¢4(blue curve) and ¢/ (magenta curve): X-
intercepts at —170 mm (¢ 4-curve) and —161.70 mm (¢’-curve) marking the
cases of platform (in configuration - I) being absent and present respectively.
This means that at these intercept values, the phase derivatives ¢4 and ¢%
take zero value concerning configuration - I.

Figure 5.13: Variation of ¢G*: The curve makes an intercept on X-axis at
—232.22 mm, meaning that at this intercept value, the phase derivative ¢G*
is zero for configuration - II.
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atomic fountain tube. Gradiometric phase ¢grp is due to: kegydT?, where
d is baseline between the two cold atomic cloud samples, v is the gravity
gradient and T2 is the square of the half time of the parabolic launch of
atomic clouds, meaning that the atomic clouds acquire their apogees at the
time T'. So, the idea here is to balance these two parameters of interest: d
and T. To achieve this, there exist two possibilities, one possibility is with
small d and large T" and the other possibility is large d and small 7. In
this case where d starts to be comparable with 0.5 m, our apogee is the
place around where the atoms spend most of their time, quid pro quo most
of the phase is accumulated around the apogee at time 7. At this point,
if we use this approach, apogee is in the region where gravity gradient is
not constant, hence the choice of a larger d value is not good. In all, it is
necessary to have apogee around the center but with maximizing also T2,
henceforth arriving at a good compromise between d and T2. Note that
with a shorter baseline between the atomic clouds, one cannot maximize the
sensitivity. As a result, our compromise marks a trade-off between the two

key parameters of interest d and T: T =~ ,/%d. To summarize, we achieve

a maximized sensitivity without losing too much linearity (of gravitational
acceleration) keeping in mind that the magnitudes of freely falling distance
and baseline are nearly equal.

5.5 Simulation and Calculation: Phases due
to fictitious gravity gradient

Readapting the effective wavevector Akeg of central m-pulse, a fictitious grav-
ity gradient is generated which exactly compensates the effect of ambient
gravity gradient. Here keg = 4m/\ is wavevector for two - photon Raman
transition. In our case, chosen wavelength is A = 421.5 nm for the dipole-
allowed transition 8"Rb: 59, /2 — 6P33. Detuning the laser frequency of
the central m-pulse by Ar imparting the momentum to atoms, the required
change in magnitude in the effective wavevector to compensate the ambient
gravity gradient:

4 A
Akyg = 2 (5.35)
c
Simulated corresponding fictitious gravity gradient is expressed as:
—20Akeg
I =— 5.36
2z keffT2 ( )
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The experimental matching condition to be achieved is:
O = kegT?(T.. — T2)(d + Av.T) (5.37)

where d is the baseline, Av, is the differential velocity between the two cold
atomic cloud samples and T is the interrogation time. To find the crossing
point(s) in the linear fit of gradiometric phase versus laser detuning frequency,
the following expression gives the linear dependence of the gradiometric phase
on the laser detuning frequency:

O(Av) = — (kefszzT2 + 8—7TAV> (d+ Av,T) (5.38)
c

To summarize, at frequency value Ar which nulls the differential phase,
two gravimeters display the same phase magnitudes, independently of their
positions.

This scheme generates a fictitious gravity gradient, expressed as a tensor
I}, and a corresponding differential phase which is equal to the phase from
the real gravity gradient. Now, we will derive the mathematical expression
of this phase as follows. The phase gradient over the fixed baseline between
the centre of mass coordinates of the two clouds is:

cM ,CM CM cM ,CM CM
Vo — Ssm(xgp s Yop » 2op ) — Psm (TP Yow 2w )
d

(5.39)

For our understanding to be more realistic, we include the translation of
atoms along all the three axes, resulting in change in magnitude of the base-
line, which is written as follows:

D= (zup — zpw) + (vi“’ — UZDW)T (5.40)

In the above equation, vV and vP" indicate the velocities of atoms inside the
atomic clouds located at the upper and lower positions respectively, separated
by the recalculated baseline D. Hence, phase arising from fictitious gravity

gradient becomes:
¢r:, =DV (5.41)

Finally, to see this gravity gradient compensation scheme in action, the resid-
ual phase should be theoretically zero and experimentally negligible:

Or = Osa — drx, (5.42)
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Here, ¢ is known as the residual phase which is the difference between the
phase generated due to the gravitational potential of the source mass design
and phase acquired due to the fictitious gravity gradient.

In order to precisely determine ¢r:_, it is necessary to calculate single -
atom phase gradient, i.e., V¢. Hence, V¢ for each geometrical configuration:
cylindrical tungsten source masses including and excluding torus-shaped alu-
minium platform, torus-shaped copper ring source masses, were precisely
evaluated using equation 5.41 with results reported in Subsections 5.5.1 and
5.5.2.

5.5.1 Single - atom gradient calculation (Geometrical
Configuration-I)

As per the new design of our experiment (Figure 5.1), our CLOSE and FAR
configurations are defined as the system of source masses (with and without
platform) lying closer to the ground and lying away from the ground respec-
tively. The motivation here is to estimate the real gravity gradients for both
CLOSE and FAR configurations compensating its effects using the recent
technique [65, 66].

In order to precisely determine ¢r:_, it is necessary to calculate single
- atom V¢ for both the cases of torus-shaped platform being present and
absent in the experiment.

For the case of our complete set of tungsten source masses (arranged as
described in Chapter 3), each source mass having a radius of 10 cm and a
height of 3.75 cm, excluding the platform, the magnitude of single - atom
gradient over a centre-of-mass baseline of 23 cm yields:

0.23

Incorporating the same radius and height parameters of source mass disks
with presence of the platform and using equation 5.41, the magnitude of
single - atom gradient over a centre-of-mass baseline of 23 c¢m yields:

cM ,CM _CM CM ,CM CM
dsm(xpp > Yop » 2op ) — Gsm(Tpw, Ypw, 2Hw) — 6.36

0.23

vQSPLATFORM =
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5.5.2 Single - atom gradient calculation (Geometrical
Configuration-II)

Here ¢gps is calculated using gravitational potential from equation 5.36.
Evaluation for single - atom V¢ for copper torus-shaped rings source mass
configuration yields:

v s @B G ) — donlaSil BB _ o

0.23n

pc
ters (for geometrical configuration - I with torus-shaped aluminium platform)

so as to invoke generalization of this torus-shaped geometry of source masses
as explained earlier in the Section 5.2.

where the dimensionless ratio n = , /2% is used in the existing set of parame-

5.6 Residual Phases: Achieving the relative
accuracy of 107°

We ran a virtual experiment by simulating the effects of real and fictitious
gravity gradients. This simulation precisely calculates the magnitudes of the
phases ¢sns, ¢r:, and ¢g. In the next two subsections, we state the results
obtained for different geometrical designs and configurations of source masses
compensating the effects of ambient gravity gradient.

5.6.1 Results: Configuration - 1

The results (plots: Figures 5.14 - 5.19) indicate the calculated ¢ with a
relative accuracy of 107%. The 12 crucial variables to be set in this simulation
are: T, Y, 200, 211, Oz, Oy, Oz, Ug, Uy, Uz, Oy, and o, . Here, the position and
velocity variables respectively being x, y, 200, 211 and v,, v,, v, describe
the motion of atoms in atomic clouds (zgy: upper cloud, z1;: lower cloud),
0., 0y and o, represent the thickness of atomic clouds along each axis, o,
and o, play the role of standard deviations in velocities of atoms along
XY - plane and Z axis respectively. The initial velocities of two clouds are
calculated to be: vy = g(T + 0.001) m/s. At their launch, the clouds have
offsets of 170 mm and 161.70 mm due to application of an initial 7/2-pulse
(along axis of launch) respectively when platform is excluded and included
(as shown previously in Section 5.3). This leads to a slight recalibration in
the variables zgg and 211, resulting in zé\é’P = 2P 4 200 and zﬁ’P =2NP 42
(with 2V = =170 mm and z¥ = —161.70 mm), where the labels N and P
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H Parameters Variation (mm) H

x -1.0,-0.5,0.0,0.5,1.0

Yy —1.0,-0.5,0.0,0.5,1.0

211 zﬁ’P — 0.2, zﬁ’P — 0.1, zlj\i’P, zﬁ’P + 0.1, zﬁ’P +0.2
200 zé\é’P — 0.2, zé\é’P — 0.1, zé\é’P, zé\é’P + 0.1, zé\é’P +0.2
o 2.6,2.8,3.0,3.2,3.4

oy 2.6,2.8,3.0,3.2,3.4

o 2.8,2.9,3.0,3.1,3.2

Table 5.4:  Selected variation of parameters (configuration - I) associated
with the position of atoms spanned across each axis inside the atomic cloud.

H Parameters Variation (mm/s) H
Uy —1.0,-0.5,0.0,0.5,1.0
vy —1.0,-0.5,0.0,0.5,1.0
v, vg — 0.2,v9 — 0.1, v9,v9 + 0.1, vg + 0.2
T,y 14,17,20, 23,26
o 2.8,2.9,3.0,3.1,3.2

Table 5.5:  Selected variation of parameters (configuration - I) associated
with the velocity of atoms spanned across each axis inside the atomic cloud.

stand for platform absence and platform presence respectively. The variations
incorporated in our simulations associated with atomic positions and atomic
velocities are listed in Tables 5.4 and 5.5 respectively.

Each atomic cloud variable stated in Tables 5.4 and 5.5 have 5 variations.
This enabled us to visualize the stability of our phases produced by our
cold atomic clouds due to the effect of our new design. Hence, in total,
120 simulations are executed with results shown in Figures 5.14 - 5.19 for
relative uncertainties of 0.1%, 0.5% and 1.0% in V¢. The choice to introduce
uncertainties as 0.1%, 0.5% and 1.0% in V¢ was made in our simulations
because experimentally the values of gravity gradients cannot be cancelled
exactly.

In Figures 5.14 - 5.19, the error bars indicate the error in calculation
of ¢r with and without the platform in the units of urad for the stated
uncertainty percentages. From these figures, a linear trend of o, is clearly
visible. The reason why o,,, is displaying a linear trend is explained in
Subsection 5.6.3. The ranges of the error bars for all the variables are listed
in Tables 5.6 and 5.7 designated as A" and P, indicating the error bar ranges
in the absence and presence of platform respectively. The last column in
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H Variable(Uncertainty) Pggrr(prad) Nggr(prad) H

2(0.1%) 2.97-3.00 1.58-1.61
2(0.5%) 3.11-3.14 1.72-1.75
2(1.0%) 3.28-3.32 1.92-1.95
y(0.1%) 2.96-3.00 1.56-1.60
y(0.5%) 3.10-3.15 1.70-1.74
y(1.0%) 3.20-3.33 1.90-1.94
200(0.1%) 2.91-3.01 1.56-1.61
200(0.5%) 3.05-3.15 1.70-1.76
2001.0%) 3.26-3.33 1.89-1.95
211(0.1%) 2.95-2.99 1.56-1.61
211(0.5%) 3.09-3.13 1.70-1.76
211(1.0%) 3.27-3.31 1.89-1.95
0.(0.1%) 2.95-3.01 1.55-1.58
0.(0.5%) 3.08-3.16 1.70-1.72
0.(1.0%) 3.26-3.34 1.89-1.92
0,(0.1%) 2.94-2.98 1.57-1.62
0,(0.5%) 3.07-3.12 1.73-1.76
0,(1.0%) 3.25-3.31 1.90-1.95
0.(0.1%) 2.82-3.15 1.49-1.64
0.(0.5%) 2.95-3.30 1.63-1.80
0.(1.0%) 3.12-3.50 1.80-2.00

Table 5.6: Error bar ranges due to atomic positions: Increase in lower and
upper limits of error bar ranges with respect to increasing uncertainty in V¢
for configuration - I. Prrr and Nggrr mark the error bar ranges produced
by each participating variable in the simulation in the absence and presence
of platform respectively.

Tables 5.6 and 5.7 clearly display the shortening of error bar magnitudes
when the aluminium platform is not present. Furthermore, in Tables 5.8 and
5.9, the labels ACp and ACYy indicate the averaged accuracy (in terms of
Newtonian Gravitational Constant) when platform is included and excluded
respectively. As reported in these two tables, the accuracy is higher when
the uncertainty in V¢ is lesser and also when the aluminium platform is not
included. This increased averaged accuracy marks reduction in uncertainty
of these measurements from simulations, as it can be vividly seen that the
error bars are shorter in the platform’s absence concerning configuration - I.

Moreover, performing linear fits for the variable o,,, (as the trend of this
variables depicts linear behaviour), the slope and its corresponding standard
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H Variable(Uncertainty) Pgrr(urad) Nggr(prad) H

(
1,(0.1%) 2.95-3.03  1.57-1.59
02(0.5%) 3.09-317  1.71-1.74
0,(1.0%) 3.27-335  1.90-1.93
v,(0.1%) 2.91-2.98  1.55-1.90
v,(0.5%) 3.05-3.12  1.70-1.76
v, (1.0%) 3.22-330  1.80-1.95
v.(0.1%) 2.962.98  1.54-1.59
v.(0.5%) 310-3.12  1.60-1.74
0.(1.0%) 328330  1.88-1.04
o, (0.1%) 2.84-328  1.54-1.63
7., (0.5%) 2.99-3.41  1.68-1.87
7., (1.0%) 318357  1.88-2.05
o, (0.1%) 2.92-3.01  1.57-1.59
o,.(0.5%) 3.06-3.15  1.72-1.73
oy (1.0%) 3.24-333  1.91-1.03

Table 5.7:  Error bar ranges due to atomic velocities: Increase in lower and
upper limits of error bar ranges with respect to increasing uncertainty in Vo
for configuration - I. Pgrr and Nggr have the same meaning (as Table 5.6).

error are shown below. The linear fit analysis for the o,,, taking into all
the uncertainties in the absence and presence of platform is listed in Tables
5.10 and 5.11 respectively. Performing linear fits of zgg and z1; resulted in a
high value of standard error which proves that just like all the other variables
except o,,,, these happen to be random fluctuations rather than being a part
of systematic variation.

5.6.2 Results: Configuration - 11

The results (Figures 5.20 - 5.24) indicate the calculated ¢ with a relative
accuracy of 1079 Since the dense cylindrical tungsten source masses are
absent in this source mass design and also for the sake of convenience, here
we have incorporated cylindrical coordinate system, so that we have nine
variables instead of twelve variables like in geometrical arrangement described
in the preceding subsection. These nine crucial variables set in this simulation
are: r, 0., Uy, Oy, ZUP, 2DW, 02, U, and o,_ taking into account the initial 7 /2-
pulse coordinate as stated earlier in Section 5.3, an offset of —232.22 mm.
The variables (with their respective variations in Table 5.12) namely: r,
oy, v and o, , reveal the collective information about the atomic motion
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H Variable(Uncertainty) ACp ACy H
2(0.1%) 2.985x 107¢ G 1.595%x 107° G
2(0.5%) 3.125x 107 G 1.735x 107° G
z(1.0%) 3.300x 107 G 1.935x 107° G
y(0.1%) 2.980x 10°° G 1.580x 10°° G
y(0.5%) 3.125x 107 G 1.720x 107° G
y(1.0%) 3.265x 107 G 1.920x 107° G
200(0.1%) 2.960x 1075 G 1.585x 1075 G
200(0.5%) 3.100x 10 G 1.730x 10°° G
2001.0%) 3.295x 107 G 1.920x 10°° G
211(0.1%) 2.970x 107° G 1.585x 107% G
211(0.5%) 3.110x 10°° G 1.730x 10°° G
211(1.0%) 3.290x 107G 1.920x 10°% G
0,(0.1% 2.980x 107° G 1.565x 107° G
0.(0.5% 3.120x 10 G 1.710x 10°° G
0.(1.0% 3.300x 10 G 1.905x 10~° G

(0.1%)

(0.5%)

(1.0%)

(0.1%) 2.960x 10° G 1.595x 10°° G
,(0.5%) 3.005x 10°° G 1.745x 10°° G

(1.0%)

(0.1%)

(0.5%)

(1.0%)

3.280x 107 G 1.925x 1078 G
2.985x 107 G 1.565x 1079 @
3.125x 1076 G 1.715x 10 @
3.310x 1075 G 1.900x 10°° G

Table 5.8: Error bar ranges due relative accuracy occurring from atomic
positions: Increase in relative accuracy with respect to decreasing uncertainty
in V¢ and exclusion of aluminium platform from configuration - I. ACp and
ACYy are accuracies written in terms of measurement of G when the platform
is present and absent respectively. These accuracies are written in terms of
GG so that these accuracies along with the error bar range information from
Table 5.7 can be comparable with the actual experimental sequence.
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H Variable(Uncertainty) ACp ACy H
v,(0.1%) 2.990x 107 G 1.580x 107° G
0,(0.5%) 3.130x 10° G 1.725x 100 G
v (1.0%) 3.310x 10° G 1.915x 10° G
0, (0.1%) 2.945x 107° G 1.725x 107° G
v,(0.5%) 3.085x 10 ° G 1.730x 100 G
v, (1.0%) 3.260x 10 ° G 1.920x 10° G
v,(0.1%) 2.970x 107 G 1.565x 107° G
0.(0.5%) 3.110x 10 ° G 1.715x 10° G
v.(1.0%) 3.290x 109G 1.910x 109 G
7. (0.1%) 3.060x 10 ° G 1.585%x 100 G
T, (05%%) 3.200x 10 ° G 1775x 100 G
T, (1.0%) 3.375% 10° G 1.965x 100 G
7. (0.1%) 2.065x 100 G 1.580x 100 G
7. (0.5%) 3.105x 10° G 1.725x 100 G
0. (1.0%) 3.285x 10 ° G 1.920x 10° G

Table 5.9: FError bar ranges due relative accuracy occurring from atomic ve-
locities: Increase in relative accuracy with respect to decreasing uncertainty
in V¢ and exclusion of aluminium platform from configuration - I. Here, AC'p
and ACy have exactly the same meaning as Table 5.8.

H Variable(Uncertainty) Slope Standard Error H
0y,,(0.1%) -6.319 prad/mm/s 0.44
04, (0.5%) -6.317 prad/mm/s 0.46
Oy, (1.0%) -6.312 prad/mm/s 0.49

Table 5.10: Slopes and corresponding standard errors calculated while per-
forming linear fit analysis for o,,, in configuration - I (platform absent).

H Variable(Uncertainty) Slope Standard Error H
04, (0.1%) -7.066 prad/mm/s 0.35
04, (0.5%) -7.035 prad/mm/s 0.36
Ty, (1.0%) -6.997 prad/mm/s 0.37

Table 5.11: Slopes and corresponding standard errors calculated while per-
forming linear fit analysis for o,,, in configuration - I (platform present).
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H Variables Variations H
r {0.0,0.5,1.0,1.5,2.0} mm

ZDW {211 —0.2,2’11 —0.1,211,211 —|—O.1,211 —|—02} mim

ZUup {ZQO —0.2,200 —0.1,200,200+O.1,200 —|—02} mim

o, {2.6,2.8,3.0,3.2,3.4} mm

o, (2.8,2.9,3.0,3.1,3.2} mm

v {0.0,0.5,1.0, 1.5, 2.0} mm/s

v, {vo — 0.2,v9 — 0.1, v, v9 + 0.1,v9 + 0.2} mm/s
o {14, 17,20, 23,26} mm/s

O, {2.8,2.9,3.0,3.1,3.2} mm/s

Table 5.12:  Variability of atomic cloud variables responsible for configu-
ration - II associated with positions and velocities of atoms spanned across
radial and gravity axes inside atomic cloud.

spanned across the XY-plane, such that: r = /22 +y? o0, = (/o2 + 02,

vy = /v; + vy and 0y, = /o7 + 07 .

Employing the scaled parameters and variables with defined variability
presented in Table 5.12, a measurement campaign of 45 simulations was
launched. Each out of the 9 variables taking 5 values with an uncertainty
of 0.1%, 0.5% and 1.0% in V¢, just like these uncertainty percentages were
accounted in the preceding section. The results of all these simulations de-
scribe the stability of our phase values with respect to all the atomic cloud
variables associated with the experiment, reported in Figures 5.20 - 5.24.

As per all the plots, the error bars indicate the error in calculation of ¢
in the units of urad for uncertainty values of 0.1%, 0.5% and 1.0% in V.
The range of the error bars - ERy1.0%, FRuosy, FRyoiw respectively for
uncertainty percentages of 1.0%, 0.5% and 0.1% in V¢ for all the variables
observed in these plots are reported in Table 5.13. Furthermore, the corre-
sponding average accuracy (in terms of Newtonian Gravitational Constant)
is calculated by taking the average of lower and upper limit of error bars
stated in Table 5.13. Proceeding further, the three columns in Table 5.14,
namely - ACpyg19, ACpos% and ACy1 0% indicate the average accuracy re-
spectively for the uncertainty percentages (in V¢) as 0.1%, 0.5% and 1.0%.
Lastly, performing linear fit analysis for the variable o, (as the trend of
this variable depicts a linear behaviour), the slopes and its corresponding
standard errors taking into account all the values of uncertainties in V¢ are
mentioned in Table 5.15.
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H Variable(Units) FERyio%(prad) ERposw(prad)  FERyoig(prad) H

r(mm) 1.49-1.52 1.29-1.32 1.13-1.16
o,(mm) 1.47-1.51 1.27-1.31 1.11-1.15
o, (mm/s) 1.49-1.57 1.27-1.38 1.10-1.24
o, (mm/s) 1.49-1.54 1.29-1.33 1.13-1.17
o.(mm) 1.42-1.52 1.23-1.32 1.08-1.16
vy (mm/s) 1.48-1.52 1.28-1.31 1.12-1.15
v.(m/s) 1.48-1.52 1.28-1.32 1.13-1.15
Zpw (m) 1.47-1.50 1.27-1.30 1.12-1.14
zup(m) 1.48-1.54 1.27-1.33 1.11-1.16

Table 5.13:  Decrease in lower and upper limits of error bar ranges with
respect to decreasing uncertainty in V¢ for configuration - II. The columns
with E'R define the error bar ranges for all uncertainty percentages.

H Variable(Units) ACyo1% ACyo.5% ACu1.0% H
r(mm) 1145 10 0 G 1.305x 109G L5h05x 10 ° G
o, (mm) 1.130x 10 ° G 1.290x 109G 1490 10° G

oy, (mm/s) 1.170x 107 G 1.325x 107° G 1.530x 107° G
o,.(mm/s) 1.150x 107 G 1.310x 107 G 1.515x 107° G

o.(mm) 1.120x 107 G 1.275x 107 G 1.470x 107° G
v (mm/s) 1.135x 107 G 1.295x 107° G 1.500x 107° G
v.(m/s) 1.140x 107G 1.295x 107G 1.500x 107° &
Zpw (m) 1.135x 109 G 1.300x 105G 1.510x 10°° @
zup(m) 1.130x 107G 1.285x 105G 1.485x 100G

Table 5.14: Decrease in relative accuracy with respect to increasing uncer-
tainty in V¢ for configuration - II. The columns with AC' define the accuracies
in terms of G for all uncertainty percentages.

H Variable(Uncertainty) Slope Standard Error H
0,,(0.1%) -2.572 prad/mm/s 0.21
0., (0.5%) -2.596 prad/mm/s 0.24
00, (1.0%) -2.625 prad/mm/s 0.27

Table 5.15:  Slopes and corresponding standard errors calculated while per-
forming linear fit for o,, in configuration - II.
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Figure 5.14: Variation in residual phase (¢ from equation 5.42) in configu-

ration - I versus the variations of x and y with relative uncertainties of 0.1%,
0.5% and 1.0% in V¢.

124 CHAPTER 5. SOURCE MASSES: DESIGN, CALCULATION AND
SIMULATION



Development of a New Apparatus for Precision Gravity Measurements with
Atom Interferometry

180 4
- 170
3
5 180
150

140 4

* ¢g with platform
(0.1% uncertainty)
*
k4

*
-

1104 4

(urad)

R

1068 4

1092 4

L 1080 ~

& ¢y with platform
(0.5% uncertainty)

A
'y

10864 *

.0.0552 -0.0551 -0.0650 -0.0543 -0.0548
z,, (with platform) (m)

00552 -0.0561 -0.0550 -0.0549 -0.0548
z,,, (with platform) (m)

A
# #y without platform 1104 v ég without platform
iy {0.1% uncertainty) i ) (0.5% uncertainty)
= T v
T 174
g s bs Emsz— 54
= * Z‘ 1
£1684 + 1086 -
i v
1624 o 1080 -
_D.0469 -0.0468 -0.0467 -0.0466 -0.0465 0.0469 -0.0468 -0.0467 -0.0466 -0.0465
z,, (without platform) (m) z,, (without platform) (m)
164 * g with platform 1085 4§y with platform
0.5% uncertain
_180] (0.1% uncertainty) | 1080 ( ty)
g - " ) 3
2168+ ! I S1o075 . |
152 ! * £ i
F 1070
148 ¥ ‘
1065
u v y T — L T - T T
-0.2852 -0.2851 -0.2850 -0.2849 -0.2848 -0.2852 -0.2851 -0.2850 -0.2849 -0.2848
z,,,, (with platform) (m) z,,,, (with platform) (m)
180 4
+ }g without platform a1 * b without platform
176 B (0.1% uncertainty) 1095 Y (0.5% uncertainty)
' * B 1000 Y
] =
i = 1088 ;
164 *
1080 4
160 b4 b
10754

-0.2769 -0.2768 -0.2767 -0.2766 -0.2765
z,,, (without platform) (m)

r T T T
-0.2769 -0.2768 -0.2767 -0.2766 -0.2765
z,,,, (without platform) (m)

g (wrad)
BB
& 3
!

B
4

2205

= g with platform
(1% uncertainty)
.

*

T T T T T
-0.0552 -0.0551 -0.0550 -0.0549 -0.0548

z,,, (with platform) (m)

® ¢y without platform
(1% uncertainty)
.

-0.0469 -0.0468 -0.0467 -0.0466 -0.0465

2,,, (without platform) (m)

s 4, with platform
(1% uncertainty)

T T T T T
-0.2852 -0.2851 -0.2850 -0.2849 -0.2848

z,,,, (with platform) (m)

. g without platform
{1% uncertainty)

T T T T 3
-0.2768 -0.2768 -0.2767 -0.2766 -0.2765

z,,, (without platform) (m)

Figure 5.15: Variation in residual phase (¢ from equation 5.42) in configu-
ration - I versus the variations of zyp (upper cloud Z-coordinate) and zpy
(lower cloud Z-coordinate) with relative uncertainties of 0.1%, 0.5% and 1.0%
in Vo.
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Figure 5.16: Variation in residual phase (¢g from equation 5.42) in config-
uration - I versus the variations of v, and v, with relative uncertainties of

0.1%, 0.5% and 1.0% in V¢.
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Figure 5.17: Variation in residual phase (¢g from equation 5.42) in configu-
ration - I versus the variations of o,,, and o,, with relative uncertainties of

0.1%, 0.5% and 1.0% in V.
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Figure 5.18: Variation in residual phase (¢g from equation 5.42) from con-
figuration - I versus the variations of o, and o, with relative uncertainties of

0.1%, 0.5% and 1.0% in V¢.
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Figure 5.19: Variation in residual phase (¢g from equation 5.42) from con-
figuration - I versus the variations of ¢, and v, with relative uncertainties of

0.1%, 0.5% and 1.0% in V¢.
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Figure 5.20: Variation in residual phase (¢ from equation 5.42) with respect
to the change in variables zyp and zpy with relative uncertainties of 0.1%,
0.5% and 1.0% in V¢ for source mass geometrical configuration - II.
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Figure 5.21: Variation in residual phase (¢g from equation 5.42) with respect
to the change in variables r and o, with relative uncertainties of 0.1%, 0.5%
and 1.0% in V¢ for source mass geometrical configuration - II.
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Figure 5.22: Variation in residual phase (¢ from equation 5.42) with respect
to the change in variables v, and v, with relative uncertainties of 0.1%, 0.5%
and 1.0% in V¢ for source mass geometrical configuration - II.
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Figure 5.23: Variation in residual phase (¢g from equation 5.42) with respect
to the change in variables o, and o, with relative uncertainties of 0.1%, 0.5%
and 1.0% in V¢ for source mass geometrical configuration - II.
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Figure 5.24: Variation in residual phase (¢ from equation 5.42) with respect
to the change in variable o, with relative uncertainties of 0.1%, 0.5% and
1.0% in V¢ for source mass geometrical configuration - II.
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5.6.3 Comments about graphs

The residual phase behaviour is quite independent with respect to the accu-
racy of the gravity gradient compensation in both the source mass configu-
rations. Consequently, a modest accuracy of 1% in the preliminary gravity
gradient evaluation is already enough for our purposes. Also here we did
not see clear trends of residual phase in function of any variables (that gov-
ern atomic cloud dynamics) with an exception of o,,, (and o,,) representing
the width of the radial velocity distribution (i.e. a correspondent of the ra-
dial temperature). We found linear slopes of approximately 7 prad/mm/s,
6.3 prad/mm/s and 2.6 prad/mm/s for configuration — I (platform present),
configuration — I (platform absent) and configuration — II respectively. We
can now say that from residual phases (¢g) concerning both the source mass
configurations, o,,, and o, show linear trends because they are associated
with the radial temperature of the atoms and in our simulation (as described
in this thesis), we have considered the gravitational potentials which lead to
maximum atoms being located very close around the centre of the atomic
cloud. So, as the values of o,,, (and o,,) increase, the residual phase (¢r)
seems to drop linearly. Considering an uncertainty on o,,, (o, in the case of
configuration — II) of 3 mm/s [22] we obtained relative uncertainties on G of
13 x 107% and 5 x 107° respectively for configuration — I (platform present)
and configuration — II (platform absent). In general and as expected the
configuration — II presents the best result: the absence of a holding platform
maximizes the linearity of the acceleration profile while the larger dimension
mitigates the sensitivity versus the radial coordinates.

5.6.4 Peak-to-peak variations

To describe the physics of our simulated experiment in another effective way,
we present the peak-to-peak variations for each participating variable in the
simulation for each uncertainty percentage considered. Table 5.16 reports
the peak-to-peak phase variations for configuration - I when the platform is
absent and Table 5.17 reports the peak-to-peak phase variations for configu-
ration - I when the platform is present. Similarly, Table 5.18 shows peak-to-
peak phase variations for configuration - II. These peak-to-peak variations
(denoted by Agh ") are calculated by taking the difference between the max-
imum and the minimum values in each variable (which governs atomic cloud
dynamics) for each uncertainty percentage. This helps us in realizing which
variable is most suitable to be considered for the experimental measurement
of G. Also, A¢§_P indicates how much the phase changes even when we
consider the negligible motion of individual atoms in our atomic clouds.

135



Development of a New Apparatus for Precision Gravity Measurements with

Atom Interferometry

Variables (Units) AL "o (urad) Ak Tlose(urad)  Adh " |1o%(urad)
7y, (m/s) 78.82 78.97 79.15
o. (mm) 0.14 0.25 0.81
0y, (mm/s) 3.08 3.40 3.81
v, (m/s) 4.27 4.54 4.89
o, (mm) 6.92 6.97 7.04
oy (mm) 9.53 9.54 10.48
2 (mm) 2.39 2.52 2.68
y (mm) 3.82 131 1.02
v, (mm/s) 3.66 4.21 4.91
vy (mm/s) 2.12 2.28 2.73
z11 (mm) 14.19 15.89 18.03
200 (1) 12.22 14.06 16.35

Table 5.16: Peak-to-peak variations in phases for different uncertainties of
gravity gradient compensation considering configuration - I with platform

absent.

Variables (Units) A¢h o1 (urad) Ak Tlose(urad)  Adh |1 0% (urad)
7, (mm)/s) 85.05 84.61 84.04
o, (mm) 17.08 17.32 17.62
oy, (mm/s) 10.94 11.27 11.87
v, (m/s) 4.04 3.92 3.77
o, (mm) 19.17 20.18 21.45
7, (mm) 12.65 13.03 13.51
x (mm) 6.75 7.11 7.56
y (mm) 4.99 5.30 5.69
v, (mm/s) 6.56 6.86 7.23
v, (mm/s) 3.99 4.07 4.28
211 (m) 886 10.19 11.86
200 (1) 29.91 31.47 33.42

Table 5.17: Peak-to-peak variations in phases for different uncertainties of
gravity gradient compensation considering configuration - I with platform
present. The simulation standard error is equal to 3 purad equivalent to
2x107% G.
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Variables (Units) A¢L lo1%(urad) Ak Tlose(urad)  A¢h |1 o%(urad)

v, (mm/s) 2.25 2.48 2.78
v, (m/s) 1.52 1.74 2.01

70, (mm/s) 31.07 31.29 31.50
oo, (m/5) 211 2.63 3.30

r (m) 4.33 4.26 4.68

2o (m) 7.45 8.69 10.26
Zpw (m) 0.23 10.60 12.32

o, (mm) 4.97 4.55 4.22

7, (mm) 1.61 147 154

Table 5.18: Peak-to-peak variations in phases for different uncertainties of
gravity gradient compensation considering configuration - II. The simulation
standard error is equal to 1.5 urad equivalent to 1 x 107% G.

5.7 Conclusions and Outlook

Considering all the results presented in this Chapter, we can conclude that
the gravity gradients can be compensated with a higher accuracy in the near
future when experimentalists will be able to load more number of atoms in
the MOT chamber as compared to the atomic population considered in our
simulations.

Experimentally speaking, the idea is to slightly vary the wavelength of
the second laser pulse (resulting in wavevector change of the central 7-pulse
from keg to ket + Akeg), so that the momentum transfer in the two Mach -
Zehnder interferometer branches becomes unbalanced. This implies that the
total interferometer phase shift depends on the initial values of the central
position and momentum of the atomic wave packets. As presented in this
thesis, with a suitable selection of the laser detuning frequency (leading to
the birth of fictitious gravity gradient), one can exactly cancel the analo-
gous contribution caused by the ambient gravity gradient. Furthermore, this
selection automatically leads to a closed interferometer (vanishing relative
displacement between the interfering wave packets) with no loss of contrast.

An outlook concerning the gravity gradient cancellation scheme described
and implemented in this thesis is that - small yet considerable differences in
the central position and velocity of the initial wave packets for the two ver-
tically separated atomic clouds can mimic the UFF (Universality of Free
Fall) violation. In principle, preparing wave packets with a very well-defined
central position and momentum does not suffer from limitations associated
with Heisenberg’s uncertainty principle, which only affects their position and
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momentum widths. The work reported here employs a new scheme [65] that
simultaneously overcomes the loss of contrast and the controlling of relative
initial atomic cloud positions and velocities (also known as the initial co-
location problem). As a result, this method circumvents the fundamental
limitations due to Heisenberg’s uncertainty principle. Due to this circum-
vention of Heisenberg’s uncertainty principle, the stringent requirements on
setting the relative initial positions and velocities for atomic clouds inside an
atomic fountain tube are relaxed by several orders of magnitude.
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Chapter 6

Conclusions

6.1 Results

This PhD work had as main goal the development of an atomic gravity
gradiometer for compensation of gravity gradients with minimization of phase
noise in the gravimetric signal, developing a clearer path towards an accurate
determination of the gravitational constant G.

In the first two years, a simulation was developed for the design of 2D-
MOT coils serving as the trapping chamber for the atoms to be launched into
the atomic fountain tube. Another simulation was developed for the case of
atomic clouds treated as fixed points inside a fountain tube producing phases
from the second order Zeeman effect. Also, this simulation was generalized to
three dimensions of the atomic clouds undergoing the modified Mach-Zehnder
interferometric scheme for phase noise minimization when the atomic cloud
samples prepared from cold atoms are subjected to a parabolic trajectory
constituting a launch and a free-fall. The presence of elliptic functions in this
python code resulted in the longer code evaluation times. So, we optimized
the code evaluation time for the case of 1000 atoms in each atomic cloud
sample by a factor of 8.

In the final year, we designed simulations for compensation of gravity
gradients and to invoke the novel design and different geometrical configu-
rations, which calculate the residual phases achieving a relative accuracy of
1075, Initially the proposed design [63] was supposed to be analogous to
the MAGIA-Adv [16, 17, 48] experiment, but from the simulations it was
realized that the configuration - II stated in this thesis (using torus-shaped
copper ring as source mass design) produced better results yielding better ac-
curacy along with a highly reduced code evaluation time. Not to forget that
in our Monte Carlo simulations, we have only used 1000 and 10000 atoms
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producing error bars in the range of urad. This implies that when this ex-
periment will be implemented in near future with a minimum atom loading
rate of 10° atoms/s inside the MOT chamber, then the results will be far
more accurate with error bars reducing down to nrad and prad. Enhancing
the atom loading rate leading to increased atomic population contributing
to the signal; an optimization of the launch sequence parameters to further
cool the atoms and a more efficient method of selecting the state and the
velocity after the launch could easily allow to exceed 10° atoms contributing
to the signal. Thanks to the technique [65] and its recent demonstration in
MAGIA-Adv experiment [66], concluding that an accurate knowledge of the
atomic positions at the time of the interferometer pulses is not necessary.

Eventually, all of this will result in elimination of systematic error by one
order of magnitude contributing to determination of gravitational constant
G surpassing the relative accuracy of 107*, using the subject of cold atom
interferometry.

6.2 Future Prospects

The computational work done in regard to the experiment described in this
thesis is favorable for both the directions - applied and fundamental sciences.
Programming the experiments before actual implementation gives an exper-
imentalist an idea of what will be suitable both in aspects of producing good
quality results with minimization of costs in purchasing the experimental ap-
paratus. It gives theorist a validation of their concepts being applicable to
the real world, henceforth encouraging experimentalists to witness the truth
by their eyes by building the experiment, hoping a positive expectation of
the desired outcome. The codes described in this thesis can be ran for any
number of atoms at good computational facilities so as to witness the experi-
mental side of physics virtually. Furthermore, the simulations described here
are standardized and can be used by all the metrologists around the globe
in order for them to build best experimental configuration (for gravity gra-
diometer with source masses with least noisy interferometric signal) suitable
as per their requirements.

In the simulations presented in this thesis, the centre-of-mass Z-coordinates
of the atomic clouds can be varied further and results can be reproduced in
the zone of the atomic fountain tube where the gravitational acceleration
profiles do not exhibit any nonlinearity. This set of simulations will help
yield the results for either CLOSE or FAR configurations of source masses
aiming at an accurate determination of G and eliminating systematics at a
high precision with a simultaneous cancellation of gravity gradients.
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When heading towards high accuracy and desired precision, one must
also pay good attention to other parameters that did not constitute a limit
in previous determinations of Newtonian Gravitational constant. The most
troublesome one out of them especially for a cold atomic fountain is the Cori-
olis shift, which can bias the interferometer output if transverse velocity of
the atomic samples and/or keg direction change on the displacement of the
source mass. Compensation schemes based on counteracting the Earth’s ro-
tation rate by acting on the retroreflecting Raman mirror must be optimized
towards the percent accuracy.

Lastly, the source mass movement system must be mechanically well iso-
lated from the fountain holding structure, in order to avoid correlations be-
tween source mass position and launch direction of the atomic sample. In
this way, such shift can be efficiently rejected, and thus an improvement by
a factor of ten of the result appears feasible as reported earlier [16].

In general, the experiments in atom interferometry like the one presented
in this thesis can be employed to realize transportable devices and implemen-
tation of atomic sensors to carry out precise measurements verifying laws in
fundamental physics.
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Appendix A

Magnetic Fields: Exact solution

The origin coordinate for the B-pulse coil is taken to be (0,0, z;) with 2b as
length of the B-pulse/bias coil (Figure A.1), so that the following solution
is generalized for all the possible coordinates along the altitude axis / Z -
axis of the atomic fountain tower, hence this solution can be applied both
for bias coil (z; = 0) and B-pulse coil (z; # 0). Using the knowledge from
equations written for the case of finite solenoid in three dimensions [79], the
components of the magnetic field for the case of the any finite solenoidal coil
with its origin displaced along Z - axis in cartesian coordinate system are
modified and rewritten as follows:

/2 2 ] 2

P a((c056)* +(sim 9)°) L
(:C,y,Z) T /[; ( 1‘2—{—y2—|—CL>((COS¢)2+72(Sin¢)2) [jJr J } (b
(A.1)
B:B(x7y7 Z) - BP\/%@P (Az)
By(%% Z) = Bﬂ\/%yz (A.3)

such that

_ ponl /2 cos 2¢ B /2 cos 2¢

Bp(w,y,2) = — [O@ ; \/Wd¢ “J \/Wd¢
(A.4)
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Figure A.1: Finite solenoidal coil centered at (0,0, z;) with radius a: If z; =0
the coil acts as a bias coil else (z; # 0) it is a B-pulse coil, considering different
values of altitude magnitude 2b for both bias and B-pulse coils.

where
v = TV E Y W (A.5)
a++\/r°+y
| By '
a | \/(cos §)? + ki (sin ¢)? | (4.6)
| B ]
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ay = ¢ (A.8)
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Vb 2)2+ (a+ 12+ P)?

(z—=b—21)2+ (a+ /2% + y?)?

k_:\/(z—b—zl)2+(a—\/:p2+y2)2 (A1)

5, = (z+b+2) (A.12)
\/(z+b+21)2+(\/m+a2)
B = (z-b-2) (A.13)

\/(z—b—zl)z—i-(\/m—i-cﬁ)

Here, a is the internal radius of the atomic fountain tower, L and 2b (L = 2b)
represent the height of the atomic fountain tower, n is the ratio of number of
turns to altitude, [ is the current flowing through the bias coil. Using all the
above equations, the modulus of the magnetic field was written using carte-
sian components. After this was done, equations of motion for a parabolic
trajectory with a kick from the laser pulses were written to compute inter-
ferometric phases as explained and implemented in this thesis.

Approach towards generalized and exact solution: In both cylindrical and
cartesian coordinate systems [79], Y - component is zero, X and Z components
of the magnetic field are derived and reduced in terms of special functions as
follows (solutions applicable to both cases : Bias coil (z; = 0) and B-pulse
coil (21 # 0)). The following reduced expressions (in the terms of special
functions) can be trusted well because a simulation was performed to check
the values of magnetic fields at several coordinates for the cases of equations
derived below, and for the ones stated in the preceding section. From the
results of this particular simulation, the values of magnetic fields matched
exactly, with this result it was clear that the equations derived in this Section
and the ones stated in the previous Section are equivalent.

X - COMPONENT:
_ ponla
27

Bx (Bx1 + Bx2) (A.14)
where,

T cos ¢
Bx1 = / 21 2
0 VP2 +at+ (z—2 —by)2—2apcosd

de (A.15)

157



Development of a New Apparatus for Precision Gravity Measurements with
Atom Interferometry

Bxs = — [ cos ¢ ]d¢ (A.16)

/o VP2 +a®+ (z— 2z +b1)% —2apcos ¢

Equations A.15 and A.16 are reduced in the terms of elliptic functions (elliptic-
E(E), elliptic-K(K) and elliptic-m(&,)) as follows:

BX1:< 924, )K N _(2@)5 oIN (A17)

NVAL+ N _A++N_ _A++N_
and
B 2A_ Conv | (evA TN\ v ]
BX%(m)’C AN —< N )5 A aw| A1)
with
Ay =p*+ad®+ (2 — 2 — b)? (A.19)
A-=p*+a*+ (z— 2+ b)? (A.20)
N =2ap (A.21)
Z - COMPONENT:
Bz = Bz1 + Bz (A.22)
where,
™ Dz,
By = d A.23
“t /o (T — N cosg)r/A_ — N cos ¢ ¢ ( )
T —DZ_
By = d A.24
7 /0 (T — Ncosg)r/A, — N cos ¢ ¢ ( )
such that:
Z+ =z—2z1+ b1 (A25>
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Z_=z— 21 — b1 (A26)
T = p* +d? (A.27)
D=a—pcos¢ (A.28)

Equations A.23 and A.24 are split in two parts:
By = BY, + BY, (A.29)

where,

« [ azZ,
b = /o (T — N cos¢)y/A_ — N cos q§d¢ (4.30)

o _ T Z. pcos ¢
b = /0 (T — N cos ¢)r/A_ — N cos ¢d¢ (4.31)

B%, is reduced as follows:

B = ((TH\%(ZX_JFN))& TQJJFVN’A_QJ—\[N (A.32)
BY, is reduced as follows:
~2pZ\ ) 3% — 2N IN 2N
B = (N(ﬂf\wm) (THN)K m] TE TN A N
(A.33)
Similarly, B%, and B, are reduced as follows:
Bz = B%, + B, (A.34)
where,
™ —aZ_
B = /0 (T — N cos ¢p)y/A, — N cos ¢d¢ (4.35)
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o [ Z_pcos o A
BZ2_/0 (T — N cos ¢) AJF—/\/’cosgbalgZ§ (A-36)

which gives:

. 2Z. N 2N
B2 = ((T+N)(A++N)>g” TN A, 4N (A-37)
~2pZ_\ [ 705 — 1 oIN IN 2N
P _ + — |-

B2 = (N(T+N)Mﬁ+— )[”*NVC A++N] To\ TN A+ N

(A.38)

Hence, Z - COMPONENT:
By = F- 1 By, + BY, + Bl + By) (A.39)
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Appendix B
List of Codes

Here, we present all the relevant codes used to produce results which are
reported in this thesis. The simulations are arranged in this appendix as
follows:

e Figure B.1 - Figure B.3: Simulation for calculation of optimized and
unoptimized phases disregarding the radial motion of atomic clouds for
A¢ ~ /2 (one - dimensional case).

e Figure B.4 - Figure B.10: Phase noise minimization simulation (A¢ ~
7/2) accounting the motion of atomic clouds along X, Y and Z axes.

e Figure B.11 - Figure B.15: Code to evaluate the optimization point of
gravity gradiometer and to estimate the relative sensitivity.

e Figure B.16 - Figure B.27: Simulation used to calculate ¢ for source
mass configuration - I.

e Figure B.28 - Figure B.35: Simulation used to calculate ¢ for source
mass configuration - II.
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28
29
30
31
32
33
34
35
36
37
38
39

40
41
42
43
44
45
46
47

48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

# -*- coding: utf-8 -*-

Created on Wed Feb 26 17:30:26 2020
RAW AND OPTIMIZED PHASE CALCULATION FOR 1-D SCENARI O
@author: Manan Jain

import numpy as np

import matplotlbb . pyplot as plt
import  scipy . integrate as integrate
import  time

from scipy import stats

timestart = time . time ()

G=6.67408 *10**(- 11)

keff = 4*np.pi /( 421.5 )* 10** 9
mRb = 1.443 *10**(- 25)

hbar = 1.055 *10**(- 34)

vr = (keff *hbar )/ mRb #Recoil velocity of rubidium atom

g = 9.80491

T = 0.220 #Half-time of the interferometric sequence

vO0 = (T + 0.001 )* g #Initial velocity of atomic cloud along the fountai n axis
d = 0.23

baseline =d

offset = 2.00 -( baseline *0.5)- 0.15

TmeansAp = (( 0.221 +0.22322 )* 0.5) #Average apogee time

DmeansAp = (( 0.244236 +0.239487 )* 0.5) #Average apogee distance

zm = -0.004645344727698374  #optimization of the gradiometer position with resp ect to
the B-pulse coil

z00s = (0. +(baseline *0.5)- offset )

z00ms = (zmt( baseline *0.5)- offset )

z00corr = (-( baseline *0.5)- DmeansAptoffset )

z11s = (0. -( baseline *0.5)- offset )

z11lms = (zm( baseline *0.5)- offset )

def zdw(z0,vzz,t):

val =0

if (t.all ()< T)
val = z0 + vzz*t - 1/2*g*t** 2 #ARM-4

else :
val =20 + vzz*T - 1/2*g*T* 2 + (vzz + vr - g*T)*(t - T) - 05*g*(t - T)= 2
#ARM-3

return  val

def zup(z0,vzz,t):

val =0

if (t.all )< T)
val =20 + (vzz + vr)*t - 1/2*g*t* 2 #ARM-1

else :
val =20 + (vzz + vr)*T - 1/2*g*T** 2 + (vzz - g*T)*( t - T) - 05*g*(t -
T)** 2 #ARM-2

return  val

tvalss =np. linspace (0.221 , 0.22322 , 100)
yvalss =[]
for tvals in tvalss

yvalss . append (zup (0, vz, tvals ))
yvalssArray =np. array (yvalss )

yvalss =[]
for tvals in tvalss

yvalss . append (zdw(O0, vz, tvals ))
yvalssArray =np. array (yvalss )

TmeansAp = (0.221 + 0.22322 )/ 2
DmeansAp = (0.244236 + 0.239487 )/ 2
u0 = 4*np. pi *10**(- 7)

def B(z, I, L)
return  uO*n*I1*05*%(( z + L/2)/(( z + L/2)* 2 + R*2)* 05 - (z - L/I2)(( z -

Figure B.1: Simulation in PYTHON for 1D case: Calculation of unoptimized
and optimized phases.
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70
71
72

73
74
75
76
77
78
79
80
81
82

83
84
85
86
87
88
89
90
91
92
93
94
95
96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

L/ 2y 2 + R™ 2) 0.5 )* 10000

def Blongfixed (z):
return  (0.0628319 *(-((- 2 + z)/( 0.001024 + (- 2 + z)* 2)* 0.5) + ( 2 + z)/( 0.001024
+ (2 + z)™* 2)* 05))

print  ("Blong[z_](mG):" , B(0,0.01 , 4)* 1000)
baseline = 0.23
offset = 2.00 - ( baseline /2) - 0.15
def Bshort (z, I, L):
return  B(z - baseline /2 - DmeansAp + offset , |, L)
def Bpulse (z, |, L):
return  (Bshort (z, I, L) + ( 0.0628319 *(-((- 2 + z)/( 0.001024 + (- 2 + z)* 2)* 0.5)

+ (2 + 2)/( 0.001024 + (2 + z)* 2)* 0.5)))

Tpulse = 0.004
nn = 1000

def GetValAtDIffT  (z, vz, tvals ):
vallist =[]
for tval in tvals :
valList . append ( Blongfixed (zup(z,vz,tval ))* 2+Blongfixed (zdw(z, vz, tval ))** 2)
return  np. array (valList )

def GetBPulseValAtDiffT (z,vz,tvals ,1,L):
vallist =[]
for tval in tvals

valList . append (( Bpulse (zup(z,vz,tval ), I,L))*™ 2+(Bpulse (zdw(z,vz,tval ), I, L))**
)

return  np. array (valList )

def phi (I,L,z,vzz):
tvall = np. linspace (0.0, T, nn)

vall = -1.0 *np. pi *alfa *integrate . simps ( GetValAtDiffT  (z,vzz,tvall ), tvall )

tval2 = np. linspace (T, TmeansAp- Tpulse *0.5 , nn)

val2 = np.pi *alfa *integrate . simps ( GetValAtDiffT  (z,vzz,tval2 ), tval2 )

tval3 = np.linspace ( TmeansAp- Tpulse *0.5 , TmeansAp + Tpulse *0.5, nn)

val3 = np.pi *alfa *integrate . simps ( GetBPulseValAtDiffT (z,vzz ,tval3 ,1,L), tval3 )
tvald = np.linspace ( TmeansAp+Tpulse *0.5, 2*T, nn)

val4 = np.pi *alfa *integrate .simps (GetValAtDiffT  (z, vzz,tval4 ), tvald )
return  (vall +val2 +val3 +val4 )

def gradphi (1,L,z,vzz):
return  (phi (I, L, z+baseline /2-offset ,vzz)- phi (I, L, z-baseline /2-offset ,vzz))

LS = 0.23

IB = 0.019

print ("GRADPHI:" , gradphi (1B, LS, 0., v0))

numOfParticles = 1000

particlelndexArray = np. linspace (0, numOfParticles , numOfParticles )

z00 = np.random. normal (0. +( baseline *0.5)- offset , 0.003 , numOfParticles )
print  ("z00:" , z00)

z00m = np. random. normal (zm+( baseline *0.5)- offset , 0.003 , numOfParticles )
print  ("zOOm:" , zOOm)

z11 = np.random. normal (0. -( baseline *0.5)- offset , 0.003 , numOfParticles )
print ("z11:" ,z11)

z11m = np.random. normal (zm( baseline *0.5)- offset , 0.003 , numOfParticles )
print  ("z1im:" , z11lm)

zsc = np.random. normal (zlls-( zOOcorr +z00s), 0.003 , numOfParticles )

print ("zsc:" , zsc)

zscm = np.random. normal (z1lms-( zOOcorr +z00ms), 0.003 , numOfParticles )
print (“zscm:" , zscm)

z00n = np.random. normal (- 1.62 , 0.003 , numOfParticles )

z11n = np.random. normal (- 1.85, 0.003 , numOfParticles )

vz = np.random. normal (v0, 0.003 , numOfParticles )

MAGPHASELIst = []
MAGPHASEOPTMZList= ]

2

Figure B.2: Simulation in PYTHON for 1D case: Calculation of unoptimized
and optimized phases.
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137
138
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140
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160
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163
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165
166
167
168
169
170
171
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174
175
176
177
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180
181
182
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190
191
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for particlelndex in range (numOfParticles ):

print ("QEOQEQEEEOEOEQEPOEEQECEE@QQ@OQ@ Fstrtiparticlelndex )+
QPEOPEPEERPEPEEPYPPEEREEPEEE"

vzz = vz[ particleindex ]
MAGPHASE

phi (IB, LS, zsc [ particlelndex ], vz[ particleindex 1)- phi (1B, LS, z11[ particleIndex 1, vz[pa

rticlelndex 1)

print ("MAGPHASE for Particle : " +str ( particlelndex )+ +str (MAGPHASE

MAGPHASEList. append ( MAGPHASE
MAGPHASEOPTMZ

phi (IB, LS, zscm[ particlelndex ], vz[ particleindex 1)- phi (1B, LS, z11m[ particlelndex 1, vz[

particleIndex )]
print ("Optimized MAGPHASE for Particle : "
"+str (MAGPHASEOPTWZ

+str ( particleindex )+

MAGPHASEOPTMZListappend ( MAGPHASEOPTMZ

MAGPHASEArray = np. array ( MAGPHASEList)
MEANMAGPHASE np. mean( MAGPHASEArray)

print  ("HHEtbbb bbb )

print ("mean:" +str (MEANMAGPHABE

print ("t bbb )
MAGPHASEOPTMZArray= np. array ( MAGPHASEOPTMZList
MEANMAGPHASEOPTMZnp. mean( MAGPHASEOPTMZArrgy
print ("t bbb bbb

print (“optimized mean : " +str (MEANMAGPHASEOPIMZ

0L (R e e 0 o o

np. savetxt ("PIBY2-1D-RAWVALUES.txt" , MAGPHASEATrray
np. savetxt ("PIBY2-1D-OPTIMIZEDVALUES.ixt" , MAGPHASEOPTMZArrgy

serMAG = MAGPHASEArray
serMAGOPTMZ= MAGPHASEOPTMZArray

numarray = np. arange (numOfParticles )

plt . plot (numarray , serMAG, ' , numarray ,
plt . ylabel ("\u03C6 (radians)' )

plt . show()

plt . hist (MAGPHASEArray bins =50)

plt . hist (MAGPHASEOPTMZArray bins =50)
plt . show()

plt . show()

plt . hist (serMAG, normed = True)
plt . hist (serMAGOPTMZ normed = True)

xt = plt .xticks ()[ 0]
xmin, xmax = min(xt), max(xt)
MAGN= np. linspace (xmin, xmax, len (serMAG))

xxt = plt . xticks ([ 0]
XXmin , xxmax = min(xxt ), max(xxt )

serMAGOPTMZ 'bs' )

MAGNOPTMZ np. linspace (xxmin, xxmax, len (serMAGOPTMY)

m s = stats .norm. fit (serMAG)

print ("'m:" ,m

print ("s:®" ,s/( np.sqgrt (numOfParticles )))
pdf_gA = stats .norm.pdf (MAGN m s)

plt . plot (MAGN pdf_gA, label = "NormA")
plt . show()

mg so = stats .norm.fit (serMAGOPTMZ

print ("mo:" , mo

print ("so:" , so/( numOfParticles ))

pdf_gB = stats .norm. pdf (MAGNOPTMZmg so)

plt . plot (MAGNOPTMZpdf_gB , label = "NormB"
plt . show()

timeend = time .time ()

diff = timeend -timestart

print ( "Execution time (s) : " , diff )

)

Figure B.3: Simulation in PYTHON for 1D case: Calculation of unoptimized
and optimized phases.
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# -*- coding: utf-8 -*-

Created on Tue Jun 9 10:41:02 2020
@author: JAIN MANAN

sigma-r-radial XY-plane FILE

nun

import numpy as np

from mpmath import ellipk

from mpmath import ellippi

from mpmath import ellipe

from scipy.special import legendre
import matplotlib.pyplot as plt
from scipy import integrate

from scipy.integrate import quad
import time

import scipy.special as sc

from scipy import stats

import sys

timestart = time.time()

ud = (4.*np.pi)/10**7

g = 9.80491

Nspireshort = 230

Nspire = 4000

R = 0.032

baseline = 0.23

DmeansAp = (0.244236 + 0.239487)/2
offset = 2.00 - (baseline/2) - 0.15
alfa = 575.15

TmeansAp = (0.221 + 0.22322)/2
Tpulse = 0.004

T = 0.220

keff = 10**9*((4.*np.pi)/(421.5))
hbar = 1.055/10**34

mRb = 1.443/10**25

zm = -0.00464534210
vr = (keff*hbar)/mRb
v = 2.16688511

nn = 1100

z00s = (0.+(baseline*0.5)-offset)

z00ms = (zm+(baseline*0.5)-offset)

z00corr = (-(baseline*0.5)-DmeansAp+offset)
z11s = (0.-(baseline*0.5)-offset)

z1ims = (zm-(baseline*0.5)-offset)

vz = np.random.normal(ve, 0.003, 1000)

def zdw(z0,vzz,t):
val = 0
if(t.all() < T):
val = z0 + vzz*t - 1/2*g*t**2
else:
val = z0 + vzz*T - 1/2*g*T**2 + (vzz + vr - g*T)*(t - T) - 0.5*g*(t - T)**2

return val

def zup(z0O,vzz, t):
val = 0

Figure B.4: Simulation in PYTHON for 3D case: Phase calculation as per
A¢ =~ /2 (both bias and B-pulse coils included).
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if(t.all() < T):
val = z0 + (vzz+vr)*t - 1/2*g*t**2
else:
val = z0 + (vzz+vr)*T - 1/2*g*T**2 + (vzz - g*T)*(t - T) - 0.5%g*(t - T)**2

return val

tvalss = np.linspace(0.221,0.22322,100)

yvalss = []

for tvals in tvalss:
yvalss.append(zup(0,vz, tvals))

yvalssArray = np.array(yvalss)

yvalss = []

for tvals in tvalss:
yvalss.append(zdw(0,vz, tvals))

yvalssArray = np.array(yvalss)

def etaplus(z,L):
return z + L/2

def etaminus(z,L):
return z - L/2

def h(r):
numerator = 4.*R*r
denominator = (r + R)*(r + R)
return (numerator/denominator)**(1/2)

def kplus(z,r,L):
numerator = 4.*r*R
denominator = ((r + R)**2 + (etaplus(z,L))**2)
return (numerator/denominator)**(1/2)

def kminus(z,r,L):
numerator = 4.*r*R
denominator = ((r + R)**2 + (etaminus(z,L))**2)
return (numerator/denominator)**(1/2)

def Kplus(z,r,L):
#print("===== Raman : "+str(kplus(z,r,L))+" =======")
return ellipk(kplus(z,r,L)**2)

def Kminus(z,r,L):
return ellipk(kminus(z,r,L)**2)

def Eplus(z,r,L):
return ellipe(kplus(z,r,L)**2)

def Eminus(z,r,L):
return ellipe(kminus(z,r,L)**2)

def Pplus(z,r,L):
return ellippi(h(r)**2,kplus(z,r,L)**2)

def Pminus(z,r,L):
return ellippi(h(r)**2,kminus(z,r,L)**2)

def BR(z,r,J,L):

Figure B.5: Simulation in PYTHON for 3D case: Phase calculation as per
A¢ ~ 7/2 (both bias and B-pulse coils included).
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cO = (0.002*3/L*np.sqrt(R/r))

retval = co*((kplus(z,r,L)**2-2)/kplus(z,r,L)*Kplus(z,r,L)
+2/kplus(z,r,L)*Eplus(z,r,L)-(kminus(z,r,L)**2-2)/kminus(z,r,L)*Kminus(z,r,L)-
2/kminus(z,r,L)*Eminus(z,r,L))

return retval

print("BR:",BR(0.5,4,0.0000001,0.23))

def BZ(z,r,J,L):
coeff = (0.001*J/L/np.sqrt(r*r))
terml = etaplus(z,L)*kplus(z,r,L)*(Kplus(z,r,L)+(R-r)/(R+r)*Pplus(z,r,L))
term2 = etaminus(z,L)*kminus(z,r,L)*(Kminus(z,r,L)+(R-r)/(R+r)*Pminus(z,r,L))
Val = coeff*(terml-term2)
return val

print("BZ:",BZ(0.5,4,0.0000001,0.23))

def BRlong(z,r):
#print("====== Inside BRLong function =====")
#print("=== Printing varuiso shapes =====")
#print("Z shape :"+str(z.shape))
#print("r shape :"+str(r.shape))
return (Nspire*BR(z,r,0.01,4))

def BZlong(z,r):
return (Nspire*BzZ(z,r,0.01,4))

def BRshort(z,r):
return (Nspireshort*(BR(z-baseline/2-DmeansAp+offset,r,0.019,0.23)))

def BZshort(z,r):
return (Nspireshort*(BzZ(z-baseline/2-DmeansAp+offset,r,0.019,0.23)))

def BRpulse(z,r):
return (BRshort(z,r)+BRlong(z,r))

def BZpulse(z,r):
return (BZshort(z,r)+Bzlong(z,r))

def BabsPulse(z,r):
return (BRpulse(z,r)**2+BzZpulse(z,r)**2)**(1/2)

def Babslong(z,r):
brlongval= BRlong(z,r)
#print("========= Returned from BRLONg can calc value : "+str(brlongval)+"

#return (BRlong(z,r)**2+BZlong(z,r)**2)**(1/2)
return (brlongval**2+BzZlong(z,r)**2)**(1/2)

def ra(r,v,t):
return r+v*t

def GetvalAtDiffT(z,vz,r,v,tvals,val=1):
vallList=[]
if(val==1):
for tval in tvals:

vallList.append(Babslong(zup(z,vz,tval),ra(r,v,tval))**2+Babslong(zdw(z, vz, tval), ra(
r,v,tval))**2)

Figure B.6: Simulation in PYTHON for 3D case: Phase calculation as per
A¢ =~ /2 (both bias and B-pulse coils included).
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if(val==2):
for tval in tvals:
vallList.append(BabsPulse(zup(z,vz,tval),ra(r,v,tval))**2 +
BabsPulse(zdw(z,vz, tval),ra(r,v,tval))**2)
return np.array(vallList)

def newPhi(z,vzz,r,v):

tvall = np.linspace(0.0,T,nn)

tval2 = np.linspace(T, TmeansAp-(Tpulse/2),nn)

tval3 = np.linspace(TmeansAp-(Tpulse/2), TmeansAp+(Tpulse/2),nn)

tval4 = np.linspace(TmeansAp+(Tpulse/2),2.*T,nn)

vall = -np.pi*alfa*integrate.simps(GetvalAtDiffT(z,vzz,r,v,tvall, 1), tvall)
val2 = np.pi*alfa*integrate.simps(GetvalAtDiffT(z,vzz,r,v,tval2,1),tval2)
val3 = np.pi*alfa*integrate.simps(GetValAtDiffT(z,vzz,r,v, tval3,2),tval3)

val4 = np.pi*alfa*integrate.simps(GetvalAtDiffT(z,vzz,r,v,tval4,1),tvald)
return (valil+val2+val3+val4)

#def GradPhiMag(z,r,v):
# return newPhi(z+baseline/2-offset,r,v)-newPhi(z-baseline/2-offset,r,v)

#print("====== Checking dummy Results ====")
#finalval=GradPhiMag(-0.00464534210,0.000000001,0.0)
#print(finalval)

#print("======= Starting Particle Loop ======")

startpoint=int(sys.argv[1]) #start event number
numOfParticleForOneJob=int(sys.argv[2]) #number of particles per job
#Creating file name to store the result
filename="Output"+str(startpoint)+"-"+str(startpoint+numOfParticleForOneJob)

numOfParticles=numOfParticleForOneJob
particleIndexArray=np.linspace(0, numOfParticles, numOfParticles)

vz = np.random.normal(ve, 0.003, numOfParticles)

z00 = np.random.normal(@.+(baseline*0.5)-offset, 0.003, numOfParticles)
z11 = np.random.normal(0®.-(baseline*0.5)-offset, 0.003, numOfParticles)
print("z11:",z11)

z0Om = np.random.normal(zm+(baseline*0.5)-offset, 0.003, numOfParticles)
z11im = np.random.normal(zm-(baseline*0.5)-offset, 0.003, numOfParticles)
print("z1im:",z11m)

zsc = np.random.normal(zlls-(z00corr+z00s), 0.003, numOfParticles)
print("zsc:",zsc)

zscm = np.random.normal(zm+z11ls-(z00corr+z00s), 0.003, numOfParticles)
print("zscm:",zscm)

VArr=np.absolute(np.random.normal(0.,0.020, numOfParticles))
rArr=np.absolute(np.random.normal(0.,0.0026, numOfParticles))
rArrp=np.absolute(np.random.normal(0.,0.0028, numOfParticles))
rArrpp=np.absolute(np.random.normal(0.,0.0030, numOfParticles))
rArrppp=np.absolute(np.random.normal(®.,0.0032, numOfParticles))
rArrpppp=np.absolute(np.random.normal(@.,0.0034, numOfParticles))

MAGPHASELIST=[]
MAGPHASEOPTMZLIST=[]
MAGPHASELISTrp=[]
MAGPHASEOPTMZLISTrp=[]
MAGPHASELISTrpp=[]
MAGPHASEOPTMZLISTrpp=[]
MAGPHASELISTrppp=[]
MAGPHASEOPTMZLISTrppp=[]
MAGPHASELISTrpppp=[]

Figure B.7: Simulation in PYTHON for 3D case: Phase calculation as per
A¢ ~ 7/2 (both bias and B-pulse coils included).
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MAGPHASEOPTMZLISTrpppp=[]

for particleIndex in range(numOfParticles):
print("@@@EEAAAQAAEEAAAAAAAAA@A@ Particle Num : "+str(startpoint+particleIndex)+"
0@@eeeeeeeCeeeeEEeeRaR" )

vzz = vz[particleIndex]

MAGPHASE =
newPhi(zsc[particleIndex],vz[particleIndex], rArr[particleIndex], vArr[particleIndex]

newPhi(z1l1[particleIndex],vz[particleIndex], rArr[particleIndex], vArr[particleIndex]

print("MAGPHASE for Particle : "+str(particleIndex)+" :: "+str(MAGPHASE))

MAGPHASELIST.append (MAGPHASE)

MAGPHASEOPTMZ =
newPhi(zscm[particleIndex],vz[particleIndex], rArr[particleIndex], vArr[particleIndex

] -
newPhi(zlim[particleIndex],vz[particleIndex], rArr[particleIndex], vArr[particleIndex

1)

print ("MAGPHASEOPTMZ for Particle : "+str(particleIndex)+" ::
"+str(MAGPHASEOPTMZ))

MAGPHASEOPTMZLIST.append (MAGPHASEOPTMZ)

MAGPHASErp =
newPhi(zsc[particleIndex],vz[particleIndex], rArrp[particleIndex], vArr[particleIndex
newPhi(z1l1[particleIndex],vz[particleIndex], rArrp[particleIndex], vArr[particleIndex
1

print ("MAGPHASErp for Particle : "+str(particleIndex)+" :: "+str(MAGPHASErp))

MAGPHASELISTrp.append(MAGPHASErp)

MAGPHASEOPTMZrp =
newPhi(zscm[particleIndex],vz[particleIndex], rArrp[particleIndex], vArr[particleInde
x])-
newPhi(zlim[particleIndex],vz[particleIndex], rArrp[particleIndex], vArr[particleInde

x1)
print ("MAGPHASEOPTMZrp for Particle : "+str(particleIndex)+"
"+str (MAGPHASEOPTMZrp))
MAGPHASEOPTMZLISTrp.append(MAGPHASEOPTMZrp)

MAGPHASErpp =
newPhi(zsc[particleIndex],vz[particleIndex], rArrpp[particleIndex], vArr[particleInde
x])-
newPhi(z1l1[particleIndex],vz[particleIndex], rArrpp[particleIndex], vArr[particleInde
x1)
print("MAGPHASErpp for Particle : "+str(particleIndex)+" :: "+str(MAGPHASErpp))
MAGPHASELISTrpp.append(MAGPHASErpp)
MAGPHASEOPTMZrpp =
newPhi(zscm[particleIndex],vz[particleIndex], rArrpp[particleIndex], VvArr[particleInd
ex])-
newPhi(zlim[particleIndex],vz[particleIndex], rArrpp[particleIndex], VvArr[particleInd
ex])
print ("MAGPHASEOPTMZrpp for Particle : "+str(particleIndex)+"
"+str (MAGPHASEOPTMZrpp))
MAGPHASEOPTMZLISTrpp.append(MAGPHASEOPTMZrpp)

MAGPHASErppp =

newPhi(zsc[particleIndex],vz[particleIndex], rArrppp[particleIndex], VvArr[particleInd
ex])-

newPhi(z11[particleIndex],vz[particleIndex], rArrppp[particleIndex],VvArr[particleInd

Figure B.8: Simulation in PYTHON for 3D case: Phase calculation as per
A¢ =~ /2 (both bias and B-pulse coils included).
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ex])
print ("MAGPHASErppp for Particle : "+str(particleIndex)+"
"+str (MAGPHASErppp))
MAGPHASELISTrppp.append(MAGPHASErppp)
MAGPHASEOPTMZrppp =
newPhi(zscm[particleIndex],vz[particleIndex], rArrppp[particleIndex], vArr[particleln
dex])-
newPhi(zlim[particleIndex],vz[particleIndex], rArrppp[particleIndex], vArr[particleln
dex])
print ("MAGPHASEOPTMZrppp for Particle : "+str(particleIndex)+"
"+str (MAGPHASEOPTMZrppp))
MAGPHASEOPTMZLISTrppp.append(MAGPHASEOPTMZrppp)

MAGPHASETrpppp =
newPhi(zsc[particleIndex],vz[particleIndex], rArrpppp[particleIndex],VvArr[particleln
dex])-
newPhi(z11[particleIndex],vz[particleIndex], rArrpppp[particleIndex],VvArr[particleln
dex])

print ("MAGPHASErpppp for Particle : "+str(particleIndex)+"
"+str (MAGPHASErpppp))

MAGPHASELISTrpppp.append(MAGPHASErpppp)

MAGPHASEOPTMZrpppp =
newPhi(zscm[particleIndex],vz[particleIndex], rArrpppp[particleIndex],VvArr[particlel
ndex]) -
newPhi(zlim[particleIndex],vz[particleIndex], rArrpppp[particleIndex],VvArr[particlel
ndex])

print ("MAGPHASEOPTMZrpppp for Particle : "+str(particleIndex)+"
"+str (MAGPHASEOPTMZrpppp))

MAGPHASEOPTMZLISTrpppp.append(MAGPHASEOPTMZrpppp)

MAGPHASEArray = np.array(MAGPHASELIST)
MEANMAGPHASE = np.mean(MAGPHASEArray)

print ( "+ttt bbbttt bbb bbb bbb +")
print("mean "+str (MEANMAGPHASE) )
print ( "+ttt bttt bbbttt bbb bbb bbb +"

MAGPHASEOPTMZArray = np.array(MAGPHASEOPTMZLIST)
MEANMAGPHASEOPTMZ = np.mean(MAGPHASEOPTMZArray)
print ("++++++ttttt bbbttt bbb
print("optimized mean : "+str(MEANMAGPHASEOPTMZ))
print ("++++++tttt bbbttt bbb
MAGPHASErpArray = np.array(MAGPHASELISTrp)
MEANMAGPHASErp = np.mean(MAGPHASErpArray)

print ( "+ttt bbbttt bbb bbb bbb +")
print("meanrp "+str (MEANMAGPHASErp))
print ( "+ttt bbbttt bbb bbb bbb bbb +"

MAGPHASEOPTMZrpArray = np.array(MAGPHASEOPTMZLISTrp)
MEANMAGPHASEOPTMZrp = np.mean(MAGPHASEOPTMZrpArray)
print ("+++++++tttttbbb bttt
print("optimized meanrp : "+str(MEANMAGPHASEOPTMZrp))
print ("++++++ttttt bbbttt bbb
MAGPHASErppArray = np.array(MAGPHASELISTrpp)
MEANMAGPHASErpp = np.mean(MAGPHASErppArray)

print ( "+ttt bbbttt bbb bbbt bbb
print("meanrpp : "+str(MEANMAGPHASErpp))

print ( "+ttt bbbttt bbb bbb bbb
MAGPHASEOPTMZrppArray = np.array(MAGPHASEOPTMZLISTrpp)
MEANMAGPHASEOPTMZrpp = np.mean(MAGPHASEOPTMZrppArray)
print ("++++++tttt bbbttt bbb

Figure B.9: Simulation in PYTHON for 3D case: Phase calculation as per
A¢ ~ 7/2 (both bias and B-pulse coils included).
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print("optimized meanrpp : "+str(MEANMAGPHASEOPTMZrpp))
print ("++++ttttttt bbbttt bbb bbb bbb
MAGPHASErpppArray = np.array(MAGPHASELISTrppp)
MEANMAGPHASErppp = np.mean(MAGPHASErpppArray)

print ("+++++++ttttbttt bbb bbb
print("meanrppp : "+str(MEANMAGPHASErppp))

print ("+++++++ttttbbtt bbb bbb
MAGPHASEOPTMZrpppArray = np.array(MAGPHASEOPTMZLISTrppp)
MEANMAGPHASEOPTMZrppp = np.mean(MAGPHASEOPTMZrpppArray)
print ("++++tttttttttt bbbt bbbt bbb+ )
print("optimized meanrppp : "+str(MEANMAGPHASEOPTMZrppp))
print ("++++tttttttttt bbbt bbbt bbb )
MAGPHASErppppArray = np.array(MAGPHASELISTrpppp)
MEANMAGPHASErpppp = np.mean(MAGPHASErppppArray)

print ("++++++++ttttttt bbbt
print("meanrpppp : "+str(MEANMAGPHASErpppp))

print ("+++++++ttttttttt bbbt
MAGPHASEOPTMZrppppArray = np.array(MAGPHASEOPTMZLISTrpppp)
MEANMAGPHASEOPTMZrpppp = np.mean(MAGPHASEOPTMZrppppArray)
print ("++++tttttttb bbbttt bbb bbb bbb
print("optimized meanrpppp : "+str(MEANMAGPHASEOPTMZrpppp))
print ("++++tttttttbt bttt bbb bbb bbb

np.savetxt(filename+"MAGPHASE. txt", MAGPHASEArray)
np.savetxt(filename+"MAGPHASEOPTMZ. txt", MAGPHASEOPTMZArray)
np.savetxt(filename+"MAGPHASErp.txt", MAGPHASErpArray)
np.savetxt(filename+"MAGPHASEOPTMZrp. txt", MAGPHASEOPTMZrpArray)
np.savetxt(filename+"MAGPHASErpp.txt", MAGPHASErppArray)
np.savetxt(filename+"MAGPHASEOPTMZrpp.txt", MAGPHASEOPTMZrppArray)
np.savetxt(filename+"MAGPHASErppp.txt", MAGPHASErpppArray)
np.savetxt(filename+"MAGPHASEOPTMZrppp.txt", MAGPHASEOPTMZrpppArray)
np.savetxt(filename+"MAGPHASErpppp.txt", MAGPHASErppppArray)
np.savetxt(filename+"MAGPHASEOPTMZrpppp.txt", MAGPHASEOPTMZrppppArray)

timeend = time.time()

diff = timeend - timestart
print("Execution time (s)",diff)

Figure B.10: Simulation in PYTHON for 3D case: Phase calculation as per
A¢ =~ /2 (both bias and B-pulse coils included).
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niea= Cl ear [ G obal * %" 1;

o
T

keff = 4«Pi / (421.5) »10"9
2.98135 x 107

nRb = 1. 443 « 10" (-25)
1.443x10°25

hbar = 1. 055 % 10~ (-34)
1.055x 10734

vr = keff »hbar / nRb
0.0217971

g =9.80491
9.80491

T=0.220
0.22

v0 = (T+0.001) xg
2.16689

zdw[zO_, t_1=1f[t <T, zO+vO*t -1/2%xg*t"2
zZ0+VvO*T-1/2%g*T "2+ (VO+Vr -g*T) % (t -T) -0.5%xg=* (t -T)"2]
2 T2

t
If|t <0.22, zO+vOt —g—, zO+vOT—g + (VO+vr -gT) (t -T) -0.59 (t —T)z
2

zup[z0_, t_1=1f[t <T, zO+ (vO+Vr) «t -1/2%gx*t"2,
20+ (VO+Vr) *T-1/2%g*T"2+ (VO-g*T) *(t -T) -0.5%g= (t -T)"2]
gt?
If|t <0.22, zO+ (vO+vr)t -

T2

20 + (v0+vr)T—g +(v0-gT) (t -T)-0.5g (t -T)?

Plot [{zup[0, t]}, {t, 0.221, 0.22322}]

0244235 T

0.244230 ™~

0.244225

0.244220

0.244215

L L L
0.2215 0.2220 0.2230

Figure B.11: Code in MATHEMATICA: Determination of optimization point
of gravity gradiometer z,, and relative senstivity estimation.
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2 | Bias+Bpulse_coils.nb

e Plot [{zdw[0, t]1}, {t, 0.221, 0.22322}]

0.239485 |- —

0.239480 |-

Ouifzaz)= 0239475

0.239470 |

0.239465 |-

L L
0.2215 0.2220 0.2225 0.2230

3= TmeansAp = (0. 221 +0. 22322) /2 (xaverage apogee tinex)
- 0.22211

Out[343)

naap= DmeansAp = (0. 244236 + 0. 239487) /2 (xaver age apogee di stancesx)
ouzaa)= 0. 241862

zes)= UO = 4 % Pi 107 (-7)
n

2500000

Out[345}

nze6= N = 1000
oufz26)= 1000

7= al fa = 575. 33
oufza7= 575. 33

- R=0.032
ougzasi= 0. 032

aa9)= BIX_, i_, L_L] =u0*xnxi /2%
((X+L/2) /7 ((x+L/2)A2+RA2)70.5-(x-L/2)/ ((X-L/2)"2+RN2)"0.5)
10000 («finite sol enoid, B axial %)
L L
=+ X > +X
oueor 20 7t |- 2 N 2

(0. 002024 + (7%+x)2)0'5 (0.001024 + (£ +x)?)

0.5

0= Blong[z_] = B[z, 0.01, 4]
(xLong coil (4 m. z=0 => center of the long coil. Ofset current: 10 mMAx)
-2+2z 2+2z
oufzso- 0. 0628319 |- +
(0.001024 + (-2+2)2)%°

(0.001024 + (2+2)2)"°

3s51= Bl ong [0]
oufzsi= 0. 125648

Figure B.12: Code in MATHEMATICA: Determination of optimization point
of gravity gradiometer z,, and relative senstivity estimation.
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Bias+Bpulse_coils.nb \ 3

nizs2= basel ine = 0. 23

0.23

of fset =2 -baseline/2-0.15
(xPosition of the gradioneter. Starting point of the |ower
interferometer (first pi/2) 15 cm above the | ower end of the long tubex)

1.735

inzsel= Bshort [z_, i_, | _] =B[z -baseline/2-DreansAp +offset, i, | ] («Short coil. Its
center is placed at the apogee point of the upper interferoneter )

1.37814 - L4z 1.37814 + L4z
oussel= 21 7t |- +

(0.001024 + (1. 37814 - | + Z>2)0.5 (0.001024 + (1.37814 +  +2)?)

0.5

nizs7= Bpul se[z_, i_, | _] =Bshort [z, i, | ]+Blong[z]

-2+2 2+2
ourss7= 0. 0628319 |- + +

(0.001024 + (-2+2)2)%°  (0.001024 + (2 +2)2)%°

1.37814 - L.z 1.37814 + 5 42

20 |- +
0.5

(0.001024 + (1.37814 - [ +2)”) (0.001024 + (1.37814 + +z)2)°'5

Tpul se = 0. 004 (xB pul se durations)
0. 004

nzse= TrreansAp - Tpul se /2
0.22011

nseor= TreansAp + Tpul se / 2
0.22411

o
0

mei= phi [z_, i_, 1_]=
(NIntegrate[-Pi xalfax ((Blong[zup[z, t]])"2+ (Bl ong[zdw[z, t]])"2),

{t, 0, T}, Method -» {Automatic, "SynbolicProcessing" -»0}]) +

(NIntegrate[Pi xalfax ((Blong[zup[z, t]])"2+ (Blong[zdw[z, t]])"2),
{t, T, TneansAp - Tpul se 7 2},
Met hod -» {Aut omatic, "Synbol i cProcessing” - 0}]1) + (Nntegratel[
Pi xalfa ((Bpul se[zup[z, t], i, | 1)"2+ (Bpul se[zdw[z, t1, i, |])"2),
{t, TneansAp - Tpul se /2, TmeansAp + Tpul se / 2},
Met hod - {Aut onmatic, " Synbol i cProcessing” -»0}]) +

(NIntegrate[Pi xalfax ((Blong[zup[z, t]])"2+ (Blong[zdw[z, t]])"2),
{t, TneansAp + Tpul se /2, 2T},
Met hod -» {Aut onatic, "SynbolicProcessing” -»0}1);

(xphase of a single interferoneter )

Figure B.13: Code in MATHEMATICA: Determination of optimization point
of gravity gradiometer z,, and relative senstivity estimation.
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4 Bias+Bpulse_coils.nb

621= GradphiMag[z_, i_, | _] =
phi [z +baseline/2-offset, i, | ] -phi [z-baseline/2-offset, i, |];
(xphase of the gradioneter )
33= | B=0.019 (xcurrent short coil %)
ouzez= 0. 019

ze4= Gr adphi Mag [0, 1B, 0.230]
ouzea= 1. 5824

13es)= | short = 0.23 («l enght of the short coil %)
ouzes= 0. 23

neesl= zm=z /. Last [Fi ndMaxi num[G adphi Mag[z, I B, | short], {z, -0.02}]]
(%optim zation of the gradioneter position with respect to the short coil x)
outzssl- ~0. 00464534

13e8)= Gradphi Mag[zm | B, | short]
ouzesl= 1. 58287

iee9= di st = 0.280 -zm-1short /2 (xdistance of the average apogee of the
lower interfometer fromthe | ower edge of the B-pulse coil )

oupss= 0. 119645

@7op= Plot [1- G adphi Mag [z, | B, | short] /G adphi Mag[zm IB, Ishort],
{z, -0.001+zm 0.001+zm}] (xRel ative sensitivity of
the gradi ometer phase to the gradi oneter positions)

\ /
/
0.000002 F /
/
/
0.00001'} /
/
8.x107° -
out[370]
6.x107°
4.x10° F
2.x107°
L 1 |
~0.0050 ~0.0045 ~0.0040

Figure B.14: Code in MATHEMATICA: Determination of optimization point
of gravity gradiometer z,, and relative senstivity estimation.
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Bias+Bpulse_coils.nb \ 5

7= Plot [1- (phi [zm+z /2 +baseline/2-offset, IB, Ishort] -
phi [zm-z /2 -baseline /2 -offset, I B, I short]) /G adphi Mag[zm IB, |short],
{z, -0.001, 0.001}] (*Rel ative sensitivity of the gradioneter

phase to the baseline val uex)

0.0001

0.00005

—0.00005

—0.0001

0.0005 0.0010

IS

S

Figure B.15: Code in MATHEMATICA: Determination of optimization point
of gravity gradiometer z,, and relative senstivity estimation.
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# -*- coding: utf-8 -*-

Created on Sat Jul 25 13:10:11 2020
@author: Manan Jain

KONSOLE 5/A

import numpy as np

from scipy.special import legendre
import matplotlib.pyplot as plt
from scipy import integrate

import time

import scipy.special as sc

from scipy import stats

timestart = time.time()

#defining required constants--------------
G=6.67408*10**(-11)

rho = 18300

keff = 4*np.pi/(421.5)*10**9

mRb = 1.443*10**(-25)

hbar = 1.055*10**(-34)

vr = keff*hbar/mRb

g = 9.80491

T =0.220

v0 = (T + 0.001)*g
z1 =-0.15

20 = -0.1535
d=0.23

dinv = 1/d

vxx = 0

vyy =0

SINGLEATOMGRAD = 6.354549077676691+0.005

SINGLEATOMGRADPLTF = 6.360881600213782+0.005
SINGLEATOMGRADONEPERCENTUNC = 6.354549077676691+0.01
SINGLEATOMGRADPLTFONEPERCENTUNC = 6.360881600213782+0.01
SINGLEATOMGRADPOINTONEPERCENTUNC = 6.354549077676691+0.001
SINGLEATOMGRADPLTFPOINTONEPERCENTUNC = 6.360881600213782+0.001
rhoAl = 2700

zplatform = -0.1617

def Q(,x):
val =0
if(I==0):
val = 1
elif(l==1):
val = (1/3)*x - (1/4)
elif(l==2):
val = 0.2*x*x - 0.5"x + 0.125
elif(I==3):
val = (1/7)*x**3 - (0.75)*x**2 + (5/8)*x - (5/64)
elif(l==4):
val = (1/9)*x**4 - x**3 + (7/4)*x*x - (35/48)*x + (7/128)
return val

def V(r, z, R, H):
firstVal=-G*rho*np.pi*R*H
secondVal = 0
for | in range(0,4):
Pn = legendre(2*1)
secondVal += (R/(r*2 + z**2)**0.5)*(2* + 1)*Q(l,(H/(2*R))**2)* Pn(z/(r**2 + z**2)**0.5)
retVal = firstVal*secondVal
return retVal

def V22(x, y, z, R, H):
val=0
for n in range(0,6):
val += V(((x + 2*R*np.sin(n*np.pi/3 + np.pi/6))**2 + (y - 2*R*np.cos(n“np.pi/3 + np.pi/6))**2)**0.5, z, R, H) + V(((x +

Figure B.16: Simulation in PYTHON for 3D case: Residual phase calculation

for configuration - I.
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2*3**0.5"R*np.sin(n*np.pi/3))“*2 + (y - 2*3**0.5*R*np.cos(n*np.pi/3))**2)**0.5, z, R, H)
return val

def Vtot(x, y, z, R, H):
val =0
for n in range(-7,9):
val +=V22(x, y, (z - H2 + n*H), R, H)
return val

def xxu(x0, t):
val = x0+vxxup*“t
return val

def yyu(yO0, t):
val = yO+vyyup*t
return val

def xxd(x0, t):
val = x0+vxxdw"t
return val

def yyd(yO0, t):
val = y0+vyydw*t
return val

def xxuppltf(x0, t):
val = x0-+vxx0uppltf‘t
return val

def yyuppltf(y0, t):
val = yO+vyyOuppltf‘t
return val

def xxdwpltf(x0, t):
val = x0+vxx0dwpltf*t
return val

def yydwpltf(y0, t):
val = yO-+vyyOdwplif*t

return val

def zdwcloudup(zO0, t):

val =0
if(t.all() < T):
val = z0 + vOup*t - 1/2*g"t**2
else:
val = z0 + vOup*T - 1/2*g*T**2 + (VOup + vr - g*T)*(t - T) - 0.5*g*(t - T)**2
return val

def zupcloudup(z0, t):

val =0
if(t.all() < T):
val = z0 + (vOup + vr)*t - 1/2°g"t**2
else:
val = z0 + (vOup + vr)*T - 1/2*°g*T**2 + (vOup - g*T)*(t - T) - 0.5*g*(t - T)"*2
return val

def zdwclouddw(z0, t):

val =0
if(t.all() < T):
val = z0 + vodw't - 1/2*g*t**2
else:
val = z0 + vOdw*T - 1/2*g*T**2 + (vOdw + vr - g*T)*(t - T) - 0.5*g*(t - T)**2
return val

Figure B.17: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - I.
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def zupclouddw(z0, t):

val =0
if(t.all() < T):
val = z0 + (vOdw + vr)*t - 1/2*g*t**2
else:
val = 20 + (vOdw + vr)*T - 1/2*g"T**2 + (vOdw - g*T)*(t - T) - 0.5*g*(t - T)**2
return val

def zdwcloudupPLTFUP(z0, t):

val =0
if(t.all() < T):
val = z0 + vOupPLTFUP*t - 1/2*g*t**2
else:
val = z0 + VOupPLTFUP*T - 1/2*g*T**2 + (VOUpPLTFUP + vr - g*T)*(t - T) - 0.5*g*(t - T)**2
return val

def zupcloudupPLTFUP(z0, t):

val =0
if(t.all() < T):
val = z0 + (VOupPLTFUP + vr)*t - 1/2*g"t**2
else:
val = z0 + (VOUpPLTFUP + vr)*T - 1/2*g*T**2 + (VOupPLTFUP - g*T)*(t - T) - 0.5*g*(t - T)**2
return val

def zdwclouddwPLTFDW(z0, t):

val =0
if(t.all() < T):
val = z0 + VOdwPLTFDW*t - 1/2*g*t**2
else:
val = z0 + VOdwPLTFDW*T - 1/2*g*T**2 + (vOdWPLTFDW + vr - g*T)*(t - T) - 0.5*g*(t - T)"*2
return val

def zupclouddwPLTFDW(z0, t):
val =0
if(t.all() < T):
val = z0 + (VOdWPLTFDW + vr)*t - 1/2*g*t**2

else:
val = z0 + (VOdWPLTFDW + vr)*T - 1/2*°g*T**2 + (vOdwPLTFDW - g*T)*(t - T) - 0.5*g*(t - T)**2
return val

def BASELINE(zu, zd, vzu, vzd, tall):
return ((zu - zd) + (vzu - vzd)*tall)

def phicloudup(x, y, z, R, H):

tval1 = np.linspace(0.0,T,1000)

tval2 = np.linspace(T,2*T,1000)

vall = integrate.simps(Vtot(xxu(x,tval1), yyu(y,tval1), zupcloudup(z, tvall), R, H)-Vtot(xxu(x,tval1), yyu(y,tval1), zdwcloudup(z,
tvall), R, H),tval1)/hbar'mRb

val2 = integrate.simps(Vtot(xxu(x,tval2), yyu(y,tval2), zupcloudup(z, tval2), R, H)-Vtot(xxu(x,tval2), yyu(y,tval2), zdwcloudup(z,
tval2), R, H),tval2)/hbar*mRb

return val1+val2

def phiclouddw(x, y, z, R, H):

tvall = np.linspace(0.0,T,1000)

tval2 = np.linspace(T,2*T,1000)

vall = integrate.simps(Vtot(xxd(x,tval1), yyd(y,tval1), zupclouddw(z, tvall), R, H)-Vtot(xxd(x,tval1), yyd(y,tvall),
zdwclouddw(z, tvall), R, H),tval1)/hbar'mRb

val2 = integrate.simps(Vtot(xxd(x,tval2), yyd(y,tval2), zupclouddw(z, tval2), R, H)-Vtot(xxd(x,tval2), yyd(y,tval2),
zdwclouddw(z, tval2), R, H),tval2)/hbar*'mRb

return vall+val2

rint2 = 0.15

H2 =0.12

bm2 = H2/2/rint2
rext2 = 0.45

Figure B.18: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - I.
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a2 = rext2/rint2
rint1 = 0.1

H1 =02

bm1 = H1/2/rint1
rexti = 0.5

al = rext1/rint1
z0p = -0.1535

def y(z):
val = z/rint1
return val

print("y:",y(z0p))

def h1(z):
val = (@a1**2 + (y(z) - bm1)**2)**0.5
return val

print("h1:",h1(z0p))

def h2(z):
val = (@1**2 + (y(z) + bm1)**2)**0.5
return val

print("h2:",h2(z0p))

def h3(z):
val = (1 + (y(z) - bm1)**2)**0.5
return val

print("h3:",h3(z0p))

def h4(z):
val = (1 + (y(z) + bm1)**2)**0.5
return val

print("h4:",h4(z0p))

def plus(z):
val = (z/rint1)+bm1
return val

def minus(z):
val = (z/rint1)-bm1
return val

def V1(z):
vall = a1*at*(np.arcsinh(plus(z)/a1)-np.arcsinh(minus(z)/a1))
val2 = (np.arcsinh(plus(z))-np.arcsinh(minus(z)))
val3 = plus(z)*(h2(z)-h4(z))
val4 = minus(z)*(h1(z)-h3(z))
val = (val1-val2+val3-val4)
return val

print("V1(z0p):",V1(z0p))

def V2(z):
plus = y(z)+bm1
minus = y(z)-bm1
vall = -plus/h2(z)
val2 = minus/h1(z)
val3 = plus/h4(z)
val4 = -minus/h3(z)
val = (val1+val2+val3+val4)
return val

Figure B.19: Simulation in PYTHON for 3D case: Residual phase calculation

for configuration - I.
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print("V2(z0p):",V2(z0p))

def yout(z):
val = z/rint2
return val

print("yout:",yout(zOp))

def h1out(z):
val = (a2**2 + (yout(z) - bm2)**2)**0.5
return val

print("h1out:",h1out(z0p))

def h2out(z):
val = (a2*"2 + (yout(z) + bm2)**2)**0.5
return val

print("h2out:",h2out(z0p))

def h3out(z):
val = (1 + (yout(z) - bm2)**2)**0.5
return val

print("h3out:",h3out(z0p))

def hdout(z):
val = (1 + (yout(z) + bm2)**2)**0.5
return val

print("h4out:",h4out(z0p))

def plusout(z):
val = (z/rint2)+bm2
return val

def minusout(z):
val = (z/rint2)-bm2
return val

def Viout(z):
val1l = a2*a2*(np.arcsinh(plusout(z)/a2)-np.arcsinh(minusout(z)/a2))
val2 = (np.arcsinh(plusout(z))-np.arcsinh(minusout(z)))
val3 = plusout(z)*(h2out(z)-h4out(z))
val4 = minusout(z)*(h1out(z)-h3out(z))
val = (val1-val2+val3-val4)
return val

print("V1out(zOp):",V1out(zOp))

def V2out(z):
plusout = yout(z)+bm2
minusout = yout(z)-bm2
vall = -plusout/h2out(z)
val2 = minusout/h1out(z)
val3 = plusout/h4out(z)
val4 = -minusout/h3out(z)
val = (val1+val2+val3+val4)
return val

print("V2out(z0p):",V2out(zOp))
def Vfinzrring1(x,y,z):

r = np.sqrt(x**2 + y**2)
fn = -G*rhoAl*rint1*rint1*np.pi*(0.5*(/rint1)*(r/rint1)*V2(z)+V1(z))

Figure B.20: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - I.
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return fn
print("Vfinzrring1(zO0p):",Vfinzrring1(0,0,z0p))

def Vfinzrring2(x,y,z):
r = np.sqrt(x**2 + y**2)
fn = -G*rhoAl*rint2*rint2*np.pi*(0.5*(r/rint2)*(r/rint2)*V2out(z)+V1out(z))
return fn

print("Vfinzrring2(zOp):",Vfinzrring2(0,0,z0p))

def Vfinal(x,y,z,R,H):
val = Vitot(x, y, z, R, H)
fn = Vfinzrring2(x,y,z+0.2*8+0.1)-Vfinzrring1(x,y,z+0.2*8+0.1)
return fn+val

print("Vfinal(0,0,-0.1617+0.115,0.1,0.0375):", Vfinal(0,0,-0.1617+0.115,0.1,0.0375))

def phiwithplatformcloudup(x, y, z, R, H):

tval3 = np.linspace(0.0,T,1000)

tval4 = np.linspace(T,2*T,1000)

val3 = integrate.simps(Vfinal(xxuppltf(x,tval3), yyuppltf(y,tval3), zupcloudupPLTFUP(z, tval3), R, H) - Vfinal(xxuppltf(x,tval3),
yyuppltf(y,tval3), zdwcloudupPLTFUP(z, tval3), R, H),tval3)/hbar‘mRb

val4 = integrate.simps(Vfinal(xxuppltf(x,tvald), yyuppltf(y,tval4), zupcloudupPLTFUP(z, tval4), R, H) - Vfinal(xxuppltf(x,tval4),
yyuppltf(y,tval4), zdwcloudupPLTFUP(z, tval4), R, H),tval4)/hbar'mRb

return val3+val4

def phiwithplatformclouddw(x, y, z, R, H):
tval3 = np.linspace(0.0,T,1000)
tval4 = np.linspace(T,2*T,1000)
val3 = integrate.simps(Vfinal(xxdwpltf(x,tval3
yydwpltf(y,tval3), zdwclouddwPLTFDW(z, tval3)
val4 = integrate.simps(Vfinal(xxdwpltf(x,tval4,
yydwpltf(y,tvald), zdwclouddwPLTFDW(z, tval4
return val3+val4

, yydwpltf(y,tval3), zupclouddwPLTFDW(z, tval3), R, H) - Vfinal(xxdwpltf(x,tval3),
, R, H),tval3)/hbar'mRb
, yydwpltf(y,tval4), zupclouddwPLTFDW(z, tval4), R, H) - Vfinal(xxdwpltf(x,tval4),
, R, H),tval4)/hbar*'mRb

numOfParticles=10000
particlelndexArray=np.linspace(0,numOfParticles,numOfParticles)
x00up = np.random.normal(0., 0.003, numOfParticles)

y0Oup = np.random.normal(0., 0.003, numOfParticles)

Xx00uppltf = np.random.normal(0., 0.003, numOfParticles)
yOOuppltf = np.random.normal(0., 0.003, numOfParticles)

z00 = np.random.normal(-0.17+0.115, 0.003, numOfParticles)
z00pltf = np.random.normal(zplatform+0.115, 0.003, numOfParticles)
vxup=np.random.normal(0.0000, 0.02, numOfParticles)
vyup=np.random.normal(0.0000, 0.02, numOfParticles)
vzup=np.random.normal(2.16688511, 0.003, numOfParticles)
vxuppltf=np.random.normal(0.0000, 0.02, numOfParticles)
vyuppltf=np.random.normal(0.0000, 0.02, numOfParticles)
vzuppltf=np.random.normal(2.16688511, 0.003, numOfParticles)
print("vzup:",vzup)

x00dw = np.random.normal(0., 0.003, numOfParticles)

y00dw = np.random.normal(0., 0.003, numOfParticles)

x00dwpltf = np.random.normal(0., 0.003, numOfParticles)
y00dwpltf = np.random.normal(0., 0.003, numOfParticles)

z11 = np.random.normal(-0.17-0.115, 0.003, numOfParticles)
z11pltf = np.random.normal(zplatform-0.115, 0.003, numOfParticles)
vxdw=np.random.normal(0.0000, 0.02, numOfParticles)
vydw=np.random.normal(0.0000, 0.02, numOfParticles)
vzdw=np.random.normal(2.16688511, 0.003, numOfParticles)
vxdwpltf=np.random.normal(0.0000, 0.02, numOfParticles)
vydwpltf=np.random.normal(0.0000, 0.02, numOfParticles)
vzdwpltf=np.random.normal(2.16688511, 0.003, numOfParticles)
print("vzdw:",vzdw)

valList=[]

Figure B.21: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - I.
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PHIWITHPLATFORMList=[]
BASEList=[]
BASEPLTFList=]
0.59
PHIROURAList=[]
PHIROURAPLTFList=[]
PHIRESList=[]
PHIRESPLATFORMList=[]

1.0%
PHIROURAONEPERCENTList=[]
PHIRESONEPERCENTList=[]
PHIROURAPLTFONEPERCENTList=[]
PHIRESPLATFORMONEPERCENTList=[]

0.1%
PHIROURAPOINTONEPERCENTList=[]
PHIRESPOINTONEPERCENTList=[]
PHIROURAPLTFPOINTONEPERCENTList=[]
PHIRESPLATFORMPOINTONEPERCENTLIist=[]

for particlelndex in range(numOfParticles):

print('@R@RQRQAQAARRARARARRRRRR@Q@ Q@ Q@@ @ Particle Num : "+str(particleIndex)+"
QeeeeReReReRReRReReReR@E@@")

vOupPLTFUP=vzuppltf[particlelndex]

vOdwPLTFDW=vzdwpltf[particleIndex]

vxxOuppltf=vxuppltf[particlelndex]

vyyOuppltf=vxuppltf[particlelndex]

vxx0dwpltf=vxdwpltf[particleIndex]

vyyOdwpltf=vxdwpltf[particleIndex]

vOup=vzup[particleIndex]

vOdw=vzdw[particleIndex]

vxxup=vxup[particleIndex]

vyyup=vyup[particlelndex]

vxxdw=vxdw[particlelndex]

vyydw=vydw[particlelndex]

val = (phicloudup(x00up[particlelndex], yOOup[particlelndex], zOO[particlelndex], 0.10, 0.0375) -
phiclouddw(x00dw[particleIndex], yOOdw[particlelndex], z11[particleIndex], 0.10, 0.0375))

valList.append(val)

phiplusplatform = (phiwithplatformcloudup(x00uppltf[particleIndex], yOOuppltf[particleIndex], z0Opltf{particlelndex], 0.10,
0.0375) - phiwithplatformclouddw(x00dwpltf[particlelndex], y0oOdwpltf[particleindex], z11pltf[particlendex], 0.10, 0.0375))

PHIWITHPLATFORMLIst.append(phiplusplatform)

base = (BASELINE(zOO[particlelndex], z11[particleIndex], vzup[particleIndex], vzdw[particleIndex], T))

BASEList.append(base)

basepltf = (BASELINE(zOOpltf[particleIndex], z11pltf[particleIndex], vzuppltf[particleIndex], vzdwpltf[particleIndex], T))

BASEPLTFList.append(basepltf)

Hommmmmmeemee e COMMANDS FOLLOWING FOR DELTAPHI UNCERTAINTY = 0.5%--------------- #

phiro = base*SINGLEATOMGRAD

PHIROURAList.append(phiro)

phires = phiro - val

PHIRESList.append(phires)

phiropltf = SINGLEATOMGRADPLTF*basepltf

PHIROURAPLTFList.append(phiropltf)

phiresplatform = phiropltf-phiplusplatform

PHIRESPLATFORMList.append(phiresplatform)

phiroONEPERCENT = base*SINGLEATOMGRADONEPERCENTUNC
PHIROURAONEPERCENTList.append(phiroONEPERCENT)
phiresONEPERCENT = phiroONEPERCENT - val
PHIRESONEPERCENTList.append(phiresONEPERCENT)
phiroptfONEPERCENT = SINGLEATOMGRADPLTFONEPERCENTUNC *basepltf
PHIROURAPLTFONEPERCENTList.append(phiroplttONEPERCENT)
phiresplatformONEPERCENT = phiropltfONEPERCENT - phiplusplatform
PHIRESPLATFORMONEPERCENTList.append(phiresplattormONEPERCENT)

phiroPOINTONEPERCENT = base*SINGLEATOMGRADPOINTONEPERCENTUNC

PHIROURAPOINTONEPERCENTList.append(phiroPOINTONEPERCENT)
phiresPOINTONEPERCENT = phiroPOINTONEPERCENT - val

Figure B.22: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - I.
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PHIRESPOINTONEPERCENTLIist.append(phiresPOINTONEPERCENT)
phiropltfPOINTONEPERCENT = SINGLEATOMGRADPLTFPOINTONEPERCENTUNC*basepltf
PHIROURAPLTFPOINTONEPERCENTList.append(phiropltfPOINTONEPERCENT)
phiresplatformPOINTONEPERCENT = phiropltfPOINTONEPERCENT - phiplusplatform
PHIRESPLATFORMPOINTONEPERCENTList.append(phiresplatformPOINTONEPERCENT)

valArray=np.array(valList)

mean=np.mean(valArray)

phiwithplatfArray=np.array (PHIWITHPLATFORMList)

meanphipltf=np.mean(phiwithplatfArray)

print("Mean : "+str(mean))

print("Meanphipltf : "+str(meanphipltf))
np.savetxt("sigmavxy20mmpersec-sm-design-phases-at-center-phi-val.txt",valArray)
np.savetxt("sigmavxy20mmpersec-sm-design-phases-at-center-phiplusplatform-val.txt", phiwithplatfArray)
ser = valArray

serPLATFORM = phiwithplatfArray

PHIROURAArray=np.array(PHIROURAList)
meanroura=np.mean(PHIROURAArray)
phiresArray=np.array(PHIRESList)
phiresmean=np.mean(phiresArray)
phiropltfArray=np.array(PHIROURAPLTFList)
meanrourapltf=np.mean(phiropltfArray)
PHIRESPLATFORMArray=np.array(PHIRESPLATFORMList)
phiresplatformmean=np.mean(PHIRESPLATFORMArray)
print("PHIROURAMEAN : "+str(meanroura))
print("PHIROURAPLATFORMMEAN : "+str(meanrourapltf))
print("PHIRESMEAN : "+str(phiresmean))
print("PHIRESWITHPLATFORMMEAN : "“+str(phiresplatformmean))
np.savetxt("sigmavxy20mmpersec-point5percent-unc-all-at-center-roura-val.txt', PHIROURAArray)
np.savetxt("sigmavxy20mmpersec-point5percent-unc-all-at-center-res-val.txt", phiresArray)
np.savetxt("sigmavxy20mmpersec-point5percent-unc-all-at-center-roura-pltf-val.txt", phiropltfArray)
np.savetxt("sigmavxy20mmpersec-point5percent-unc-all-at-center-res-phiplusplatform-val.ixt",PHIRESPLATFORMArray)
serROURA = PHIROURAArray

serROURAPLTF = phiropltfArray

serRES = phiresArray

serRESPLATFORM = PHIRESPLATFORMArray

plt.hist(valArray,bins=50)
plt.hist(PHIROURAArray,bins=50)
plt.show()

plt.show()

plt.hist(ser, normed=True)
plt.hist(serROURA, normed=True)

xt = plt.xticks()[0]
xmin, xmax = min(xt), max(xt)
Inspc = np.linspace(xmin, xmax, len(ser))

xxt = plt.xticks()[0]
xxmin, xxmax = min(xxt), max(xxt)
InspcROURA = np.linspace(xxmin, xxmax, len(serROURA))

#Trying normal distribution first

m, s = stats.norm fit(ser) # get mean and standard deviation

print("m:",m)

print("s/numOfParticles**0.5:",s/numOfParticles**0.5)

pdf_gA = stats.norm.pdf(Inspc, m, s/numOfParticles**0.5) # now get theoretical values in our interval
plt.plot(Inspc, pdf_gA, label="NormA") # plot it

mROURA, sROURA = stats.norm.fit(serROURA) # get mean and standard deviation

print("mROURA:",mROURA)
print("sROURA:",sROURA)

Figure B.23: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - I.
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pdf_gB = stats.norm.pdf(InspcROURA, mROURA, sROURA) # now get theoretical values in our interval
plt.plot(InspcROURA, pdf_gB, label="NormB") # p/ot it

plt.show()
plt.show()

plt.hist(phiresArray,bins=45)
plt.hist(PHIRESPLATFORMATrray,bins=45)
plt.show()

plt.show()

plt.hist(serRES, normed=True)

xxxt = plt.xticks()[0]
XXXmin, xxxmax = min(xxxt), max(xxxt)
InspcRES = np.linspace(xxxmin, xxxmax, len(serRES))

mRES, sRES = stats.norm fit(serRES) # get mean and standard deviation

print("mRES:",mRES)

print("sRES/numOfParticles**0.5:",sRES/numOfParticles**0.5)

pdf_gC = stats.norm.pdf(InspcRES, mRES, sRES/numOfParticles**0.5) # now get theoretical values in our interval
plt.plot(InspcRES, pdf_gC, label="NormC") # plot it

plt.show()

plt.hist(serPLATFORM, normed=True)

xxxxt = plt.xticks()[0]

XXXXMin, XXXxmax = min(xxxxt), max(xxxxt)

InspcPLATFORM = np.linspace(xxxxmin, xxxxmax, len(serPLATFORM))

mPLATFORM, sPLATFORM = stats.norm fit(serPLATFORM) # get mean and standard deviation
print("mPLATFORM:",mPLATFORM)

print("sPLATFORM/numOfParticles**0.5:",sPLATFORM/numOfParticles**0.5)

pdf_gD = stats.norm.pdf(InspcPLATFORM, mPLATFORM, sPLATFORM/numOfParticles**0.5) # now get theoretical values in
our interval

plt.plot(InspcPLATFORM, pdf_gD, label="NormD") # plot it

plt.show()
plt.hist(serRESPLATFORM, normed=True)

xxxxxt = plt.xticks()[0]
XXXXXMIN, XXXXXmMax = min(Xxxxxt), max(xxxxxt)
InspcRESPLATFORM = np.linspace(xxxxxmin, xxxxxmax, len(serRESPLATFORM))

mRESPLATFORM, sRESPLATFORM = stats.norm.fit(serRESPLATFORM) # get mean and standard deviation
print("mRESPLATFORM:",mRESPLATFORM)
print("sRESPLATFORM/numOfParticles**0.5:",sRESPLATFORM/numOfParticles**0.5)

pdf_gE = stats.norm.pdf(InspcRESPLATFORM, mRESPLATFORM, sRESPLATFORM/numOfParticles**0.5) # now get
theoretical values in our interval

plt.plot(InspcPLATFORM, pdf_gE, label="NormE") # plot it

plt.show()
plt.hist(serROURAPLTF, normed=True)

xxxxxxt = plt.xticks()[0]
XXXXXXMIN, XXXXXXmax = min(xxxxxxt), max(xxxxxxt)
InspcROURAPLTF = np.linspace(xxxxxxmin, xxxxxxmax, len(serROURAPLTF))

mROURAPLTF, sROURAPLTF = stats.norm.fit(serROURAPLTF) # get mean and standard deviation
print("mROURAPLTF:",mMROURAPLTF)

print("sROURAPLTF/numOfParticles**0.5:",sROURAPLTF/numOfParticles**0.5)

pdf_gF = stats.norm.pdf(InspcROURAPLTF, mMROURAPLTF, sROURAPLTF/numOfParticles**0.5) # now get theoretical values
in our interval

plt.plot(InspcROURAPLTF, pdf_gF, label="NormF") # plot it

Figure B.24: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - I.
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plt.show()

PHIROURAONEPERCENTArray=np.array(PHIROURAONEPERCENTList)
PHIROURAPLTFONEPERCENTArray=np.array(PHIROURAPLTFONEPERCENTList)
PHIRESONEPERCENTArray=np.array(PHIRESONEPERCENTList)
PHIRESPLATFORMONEPERCENTArray=np.array(PHIRESPLATFORMONEPERCENTList)
serROURAONEPERCENT = PHIROURAONEPERCENTArray
serROURAPLTFONEPERCENT = PHIROURAPLTFONEPERCENTArray
serRESONEPERCENT = PHIRESONEPERCENTArray
serRESPLATFORMONEPERCENT = PHIRESPLATFORMONEPERCENTArray
meanrouraONEPERCENT=np.mean(PHIROURAONEPERCENTArray)
meanrouraptfONEPERCENT=np.mean(PHIROURAPLTFONEPERCENTArray)
phiresmeanONEPERCENT=np.mean(PHIRESONEPERCENTArray)
phiresplatformmeanONEPERCENT=np.mean(PHIRESPLATFORMONEPERCENTArray)

np.savetxt("sigmavxy20mmpersec-ONEpercent-unc-all-at-center-roura-val.txt", PHIROURAONEPERCENTArray)
np.savetxt('sigmavxy20mmpersec-ONEpercent-unc-all-at-center-res-val.txt", PHIRESONEPERCENTArray)
np.savetxt('sigmavxy20mmpersec-ONEpercent-unc-all-at-center-roura-pltf-val.txt", PHIROURAPLTFONEPERCENTArray)
np.savetxt('sigmavxy20mmpersec-ONEpercent-unc-all-at-center-res-phiplusplatform-
val.txt",PHIRESPLATFORMONEPERCENTArray)

(
(
¢
(

plt.hist(serROURAONEPERCENT, normed=True)

xt = plt.xticks()[0]
xmin, xmax = min(xt), max(xt)
InspcROURAONEPERCENT = np.linspace(xmin, xmax, len(serROURAONEPERCENT))

mROURA1PERC, sROURA1PERC = stats.norm.fit(serROURAONEPERCENT) # get mean and standard deviation
print("mROURA1PERC:",mMROURA1PERC)
print("sROURA1PERC/numOfParticles**0.5:",sROURA1PERC/numOfParticles**0.5)

pdf_gG = stats.norm.pdf(Insp)cROURAONEPERCENT, mROURA1PERC, sROURA1PERC/numOfParticles**0.5) # now get
theoretical values in our interval

plt.plot(InspcROURAONEPERCENT, pdf_gG, label="NormG") # p/ot it

plt.show()
plt.hist(serRESONEPERCENT, normed=True)

xt = plt.xticks()[0]
Xmin, xmax = min(xt), max(xt)
InspcRESONEPERCENT = np.linspace(xmin, xmax, len(serRESONEPERCENT))

m1RESPERC, s1RESPERC = stats.norm.fit(serRESONEPERCENT) # get mean and standard deviation
print("m1RESPERC:",m1RESPERC)

print("s1RESPERC/numOfParticles**0.5:",s1RESPERC/numOfParticles**0.5)

pdf_gH = stats.norm.pdf(InspcRESONEPERCENT, m1RESPERC, s1RESPERC/numOfParticles**0.5) # now get theoretical
values in our interval

plt.plot(InspcRESONEPERCENT, pdf_gH, label="NormH") # plot it

plt.show()
plt.hist(serROURAPLTFONEPERCENT, normed=True)

xt = plt.xticks()[0]
Xmin, xmax = min(xt), max(xt)
InspcROURAPLTFONEPERCENT = np.linspace(xmin, xmax, len(serROURAPLTFONEPERCENT))

mROURAPLTF1PERC, sROURAPLTF1PERC = stats.norm.fit(serROURAPLTFONEPERCENT) # get mean and standard
deviation

print("mROURAPLTF1PERC:",mROURAPLTF1PERC)
print("sROURAPLTF1PERC/numOfParticles**0.5:",sROURAPLTF1PERC/numOfParticles**0.5)

pdf_gl = stats.norm.pdf(InspcROURAPLTFONEPERCENT, mROURAPLTF1PERC, sROURAPLTF1PERC/numOfParticles**0.5)
# now get theoretical values in our interval

plt.plot(inspcROURAPLTFONEPERCENT, pdf_gl, label="Norml") # plot it

plt.show()

Figure B.25: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - I.

186 APPENDIX B. LIST OF CODES



Development of a New Apparatus for Precision Gravity Measurements with
Atom Interferometry

plt.hist(serRESPLATFORMONEPERCENT, normed=True)

xt = plt.xticks()[0]
xmin, xmax = min(xt), max(xt)
InspcRESPLTFONEPERCENT = np.linspace(xmin, xmax, len(serRESPLATFORMONEPERCENT))

mRESPLTF1PERC, sRESPLTF1PERC = stats.norm.fit(serRESPLATFORMONEPERCENT) # get mean and standard deviation
print("mRESPLTF1PERC:",mRESPLTF1PERC)
print("sRESPLTF1PERC/numOfParticles**0.5:",sRESPLTF1PERC/numOfParticles**0.5)

pdf_gJ = stats.norm.pdf(iInspcRESPLTFONEPERCENT, mRESPLTF1PERC, sRESPLTF1PERC/numOfParticles**0.5) # now
get theoretical values in our interval

plt.plot(InspcRESPLTFONEPERCENT, pdf_gJ, label="NormJ") # plot it

plt.show()

PHIROURAPOINTONEPERCENTArray=np.array(PHIROURAPOINTONEPERCENTList)
PHIROURAPLTFPOINTONEPERCENTArray=np.array(PHIROURAPLTFPOINTONEPERCENTList)
PHIRESPOINTONEPERCENTArray=np.array(PHIRESPOINTONEPERCENTList)
PHIRESPLATFORMPOINTONEPERCENTArray=np.array(PHIRESPLATFORMPOINTONEPERCENTList)
serROURAPOINTONEPERCENT = PHIROURAPOINTONEPERCENTArray

serROURAPLTFPOINTONEPERCENT = PHIROURAPLTFPOINTONEPERCENTArray
serRESPOINTONEPERCENT = PHIRESPOINTONEPERCENTArray
serRESPLATFORMPOINTONEPERCENT = PHIRESPLATFORMPOINTONEPERCENTArray
meanrouraPOINTONEPERCENT=np.mean(PHIROURAPOINTONEPERCENTArray)
meanrourapltfPOINTONEPERCENT=np.mean(PHIROURAPLTFPOINTONEPERCENTArray)
phiresmeanPOINTONEPERCENT=np.mean(PHIRESPOINTONEPERCENTArray)
phiresplatformmeanPOINTONEPERCENT=np.mean(PHIRESPLATFORMPOINTONEPERCENTArray)

np.savetxt("sigmavxy20mmpersec-POINTONEpercent-unc-all-at-center-roura-val.txt", PHIROURAPOINTONEPERCENTArray)
np.savetxt("sigmavxy20mmpersec-POINTONEpercent-unc-all-at-center-res-val.txt", PHIRESPOINTONEPERCENTArray)
np.savetxt("sigmavxy20mmpersec-POINTONEpercent-unc-all-at-center-roura-pltf-
val.txt",PHIROURAPLTFPOINTONEPERCENTArray)
np.savetxt("sigmavxy20mmpersec-POINTONEpercent-unc-all-at-center-res-phiplusplatform-
val.ixt",PHIRESPLATFORMPOINTONEPERCENTArray)

plt.hist(serROURAPOINTONEPERCENT, normed=True)

xt = plt.xticks()[0]
Xxmin, xmax = min(xt), max(xt)
InspcROURAPOINTONEPERCENT = np.linspace(xmin, xmax, len(serROURAPOINTONEPERCENT))

mROURAP1PERC, sROURAP1PERC = stats.norm.fit((serROURAPOINTONEPERCENT) # get mean and standard deviation
print("mROURAP1PERC:",mROURAP1PERC)
print("sROURAP1PERC/numOfParticles**0.5:",sROURAP1PERC/numOfParticles**0.5)

pdf_gK = stats.norm.pdf(InspcROURAPOINTONEPERCENT, mROURAP1PERC, sROURAP1PERC/numOfParticles**0.5) #
now get theoretical values in our interval

plt.plot(InspcROURAPOINTONEPERCENT, pdf_gK, label="NormK") # plot it

plt.show()

plt.hist(serRESPOINTONEPERCENT, normed=True)
xt = plt.xticks()[0]

xmin, xmax = min(xt), max(xt)

InspcRESPOINTONEPERCENT = np.linspace(xmin, xmax, len(serRESPOINTONEPERCENT))

mP1RESPERC, sP1RESPERC = stats.norm.fit(serRESPOINTONEPERCENT) # get mean and standard deviation
print("mP1RESPERC:",mP1RESPERC)

print("sP1RESPERC/numOfParticles**0.5:",sP1RESPERC/numOfParticles**0.5)

pdf_gL = stats.norm.pdf(InspcRESPOINTONEPERCENT, mP1RESPERC, sP1RESPERC/numOfParticles**0.5) # now get
theoretical values in our interval

plt.plot(InspcRESPOINTONEPERCENT, pdf_gL, label="NormL") # plot it

plt.show()

Figure B.26: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - I.
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plt.hist(serROURAPLTFPOINTONEPERCENT, normed=True)

xt = plt.xticks()[0]
Xxmin, xmax = min(xt), max(xt)
InspcROURAPLTFPOINTONEPERCENT = np.linspace(xmin, xmax, len(serROURAPLTFPOINTONEPERCENT))

mROURAPLTFP1PERC, sROURAPLTFP1PERC = stats.norm.fit(serROURAPLTFPOINTONEPERCENT) # get mean and
standard deviation

print("mROURAPLTFP1PERC:",mMROURAPLTFP1PERC)
print("sROURAPLTFP1PERC/numOfParticles**0.5:",sROURAPLTFP1PERC/numOfParticles**0.5)

pdf_gM = stats.norm.pdf(InspcROURAPLTFPOINTONEPERCENT, mROURAPLTFP1PERC,
sROURAPLTFP1PERC/numOfParticles**0.5) # now get theoretical values in our interval
plt.plot(InspcROURAPLTFPOINTONEPERCENT, pdf_gM, label="NormM") # plot it

plt.show()
plt.hist(serRESPLATFORMPOINTONEPERCENT, normed=True)

xt = plt.xticks()[0]
xmin, xmax = min(xt), max(xt)
InspcRESPLTFPOINTONEPERCENT = np.linspace(xmin, xmax, len(serRESPLATFORMPOINTONEPERCENT))

mRESPLTFP1PERC, sRESPLTFP1PERC = stats.norm.fit(serRESPLATFORMPOINTONEPERCENT) # get mean and standard
deviation

print("mRESPLTFP1PERC:",mRESPLTFP1PERC)
print("sRESPLTFP1PERC/numOfParticles**0.5:",sRESPLTFP1PERC/numOfParticles**0.5)

pdf_gN = stats.norm.pdf(InspcRESPLTFPOINTONEPERCENT, mRESPLTFP1PERC,
sRESPLTFP1PERC/numOfParticles**0.5) # now get theoretical values in our interval
plt.plot(InspcRESPLTFPOINTONEPERCENT, pdf_gN, label="NormN") # plot it

plt.show()
timeend = time.time()

diff=timeend-timestart
print("Time taken : ",diff)

Figure B.27: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - I.

188 APPENDIX B. LIST OF CODES



Development of a New Apparatus for Precision Gravity Measurements with
Atom Interferometry

# -*- coding: utf-8 -*-

Created on Sat Jul 25 13:10:11 2020
@author: Manan Jain

KONSOLE 36/A

import numpy as np

from scipy.special import legendre
import matplotlib.pyplot as plt
from scipy import integrate

from scipy.integrate import quad
import time

import scipy.special as sc

from scipy import stats

import sys

timestart = time.time()

#defining required constants--------------
G=6.67408*10**(-11)

rho 8960

eta (18300/8960)**0.5

keff = 4*np.pi/(421.5)*10**9

mRb = 1.443*10**(-25)

hbar = 1.055*10**(-34)

vr = keff*hbar/mRb

g = 9.80491

T = 0.220*np.sqrt(eta)

vO = (T + (0.001%eta))*g

z0 = -0.23223352024224914

d = 0.23*eta

dinv = 1/d

H = 0.6%eta

print("eta:",eta)

print("keff:", keff)

rext = eta*0.362

rint = eta*0.105

a = rext/rint

bm = H/2/rint

print("bm:", bm)

GRADPHIEXACT = 4.803185609115827
GRAPHIPOINTONEPERCENT = 4.803185609115827+0.001
GRAPHIPOINTFIVEPERCENT = 4.803185609115827+0.005
GRAPHIONEPERCENT = 4.803185609115827+0.01

def etaa(r):
#r = np.sqrt(x**2 + y**2)
val = r/rint
return val

def y(z):

val = z/rint
return val

print("y:",y(z0))

def hi(z):
val = (a**2 + (y(z) - bm)**2)**0.5
return val

Figure B.28: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - II.
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print("h1:",h1(z0))

def h2(z):
val = (a**2 + (y(z) + bm)**2)**@.5
return val

print("h2:",h2(z0))

def h3(z):
val = (1 + (y(z) - bm)**2)**0.5
return val

print("h3:",h3(z0))

def h4(z):
val = (1 + (y(z) + bm)**2)**0.5
return val

print("h4:",h4(z0))

def plus(z):
val = (z/rint)+bm
return val

def minus(z):
val = (z/rint)-bm
return val

def vi(z):

vall = a*a*(np.arcsinh(plus(z)/a)-np.arcsinh(minus(z)/a))

val2 ; (np.arcsinh(plus(z))-np.arcsinh(minus(z)))
val3d = plus(z)*(h2(z)-h4(z))
vald = minus(z)*(h1(z)-h3(z))

val = (vall-val2+val3-val4)
return val

print("v1(z0):",v1(z0))
def v2(z):

plus = y(z)+bm
minus = y(z)-bm

vall = -plus/h2(z)

val2 = minus/h1(z)

val3 = plus/h4(z)

vald = -minus/h3(z)

val = (vall+val2+val3+val4)
return val

print("v2(z0):",Vv2(z0))

def vfin(z,r):
fn = -G*rho*rint*rint*np.pi*(0.5*(r/rint)*(r/rint)*v2(z)+v1i(z))
return fn

print("vfin(0,0):",vfin(0,0))

def zdw(zO,vz,t):

val = 0
if(t.all() < T):

Figure B.29: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - II.
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val = z0 + vz*t - 1/2*g*t**2
else:
val = z0 + vz*T - 1/2*Q*T**2 + (vz + vr - g*T)*(t - T) - 0.5%g*(t - T)**2

return val

def zup(z0,vz, t):
val = 0
if(t.all() < T):
val = z0 + (vz + vr)*t - 1/2*g*t**2
else:
val = z0 + (vz + vr)*T - 1/2*g*T**2 + (vz - g*T)*(t - T) - 0.5*g*(t - T)**2

return val

def ra(r,v,t):
return r+v*t

def phi(z,vz,r,v):

tvall = np.linspace(0.0,T,1000)

tval2 = np.linspace(T,2.*T,1000)

vall = (mRb/hbar)*(integrate.simps((Vfin(zup(z,vz, tvall),ra(r,v,tvall))-
vfin(zdw(z, vz, tvall),ra(r,v,tvall))), tvall))

val2 = (mRb/hbar)*(integrate.simps((Vfin(zup(z,vz, tval2),ra(r,v,tval2))-
vfin(zdw(z, vz, tval2),ra(r,v,tval2))), tval2))

val = valil+val2

return val

print("PHI:",phi(z0+0.115*eta,Vv0,0,0)-phi(z0-0.115%eta,v0,0,0))

def BASELINE(zu, zd, vzu, vzd, tall):
return ((zu - zd) + (vzu - vzd)*tall)

numOfParticles=10000

H#Hommmm - UPPER-CLOUD--------- #
particleIndexArray=np.linspace(0, numOfParticles, numOfParticles)
réQup = np.random.normal(®., 0.003, numOfParticles)

z00 = np.random.normal(z0+0.115*eta, 0.003, numOfParticles)
vzup = np.random.normal(ve, 0.003, numOfParticles)

vrup = np.random.normal(0., 0.020, numOfParticles)

H#Hommmm - LOWER-CLOUD--------- #

re0dw = np.random.normal(0., 0.003, numOfParticles)

z11 = np.random.normal(z0-0.115%eta, 0.003, numOfParticles)
vzdw = np.random.normal(vO, 0.003, numOfParticles)

vrdw = np.random.normal(0., 0.020, numOfParticles)

baseList=[]

H#Heomeommeee- 0.1% UNCERTAINTY---------- #
phivallList=[]

phirovalList=[]

phiresList=[]

H#Heomeommeee- 0.5% UNCERTAINTY---------- #
phivalPOINTFIVEList=[]
phirovalPOINTFIVEList=[]
phiresPOINTFIVEList=[]

H#Heomeommeee- 1.0% UNCERTAINTY---------- #
phivalONEList=[]

phirovalONEList=[]

phiresONEList=[]

Figure B.30: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - II.
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for particleIndex in range(numOfParticles):

print("@@EEAQAQEEEEAAAAAAAAAAA@ Particle Num : "+str(particleIndex)+"
@0eeeeeeeeeeeeeEeeRERR" )

base =
(BASELINE(z00[particleIndex],z11[particleIndex],vzup[particleIndex], vzdw[particleIn
dex],T))

baseList.append(base)

Hommmmmean 0.1% UNCERTAINTY---------- #

phival =

(phi(zoo[particleIndex],vzup[particleIndex], r@Qup[particleIndex],vrup[particleIndex
N -
phi(zli[particleIndex],vzdw[particleIndex], r00@dw[particleIndex],vrdw[particleIndex]

))
phivallList.append(phival)

phiroval = base*GRAPHIPOINTONEPERCENT
phirovallList.append(phiroval)

phires = phiroval - phival
phiresList.append(phires)

i 0.5% UNCERTAINTY---------- #
phivalPOINTFIVE = phival
phivalPOINTFIVEList.append(phivalPOINTFIVE)

phirovalPOINTFIVE = base*GRAPHIPOINTFIVEPERCENT
phirovalPOINTFIVEList.append(phirovalPOINTFIVE)

phiresPOINTFIVE = phirovalPOINTFIVE - phivalPOINTFIVE
phiresPOINTFIVEList.append(phiresPOINTFIVE)

#Hommmmm o 1.0% UNCERTAINTY---------- #

phivalONE = phival

phivalONEList.append(phivalONE)

phirovalONE = base*GRAPHIONEPERCENT
phirovalONEList.append(phirovalONE)

phiresONE = phirovalONE - phivalONE
phiresONEList.append(phiresONE)

L 0.1% UNCERTAINTY---------- #
phivalArray=np.array(phivallList)
phimean=np.mean(phivalArray)
print("Mean : "+str(phimean))
phirovalArray=np.array(phirovallList)
phiromean=np.mean(phirovalArray)
print("Meanro : "+str(phiromean))
phiresArray=np.array(phiresList)
phiresmean=np.mean(phiresArray)
print("Meanres : "+str(phiresmean))

np.savetxt("POINTONEPERCENTunc-phi-at-zlicenter.txt",phivalArray)
np.savetxt("POINTONEPERCENTunc-phiroval-at-zillcenter.txt",phirovalArray)
np.savetxt("POINTONEPERCENTunc-phiresval-at-zillcenter.txt", phiresArray)

Hommmmm 0.5% UNCERTAINTY---------- #
phivalPOINTFIVEArray=np.array(phivalPOINTFIVEList)

Figure B.31: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - II.
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phiPOINTFIVEmean=np.mean(phivalPOINTFIVEArray)
print("Mean®.5unc : "+str(phiPOINTFIVEmean))
phirovalPOINTFIVEArray=np.array(phirovalPOINTFIVEList)
phiroPOINTFIVEmean=np.mean(phirovalPOINTFIVEArray)
print("Meanro®@.5unc : "+str(phiroPOINTFIVEmean))
phiresPOINTFIVEArray=np.array(phiresPOINTFIVEList)
phiresPOINTFIVEmean=np.mean(phiresPOINTFIVEArray)
print("Meanres@.5unc : "+str(phiresPOINTFIVEmean))

np.savetxt("FIVEPERCENTunc-phi-at-zlicenter.txt",phivalPOINTFIVEArray)
np.savetxt("FIVEPERCENTunc-phiroval-at-zlicenter.txt", phirovalPOINTFIVEArray)
np.savetxt("FIVEPERCENTunc-phiresval-at-zllcenter.txt", phiresPOINTFIVEArray)

H#Heomemmmmee- 1.0% UNCERTAINTY---------- #
phivalONEArray=np.array(phivalONEList)
phiONEmean=np.mean(phivalONEArray)
print("Meanlunc : "+str(phiONEmean))
phirovalONEArray=np.array(phirovalONEList)
phiroONEmean=np.mean(phirovalONEArray)
print("Meanrolunc : "+str(phiroONEmean))
phiresONEArray=np.array(phiresONEList)
phiresONEmean=np.mean(phiresONEArray)
print("Meanresiunc : "+str(phiresONEmean))

np.savetxt("ONEPERCENTunc-phi-at-zllcenter.txt", phivalONEArray)
np.savetxt("ONEPERCENTunc-phiroval-at-zllcenter.txt", phirovalONEArray)
np.savetxt("ONEPERCENTunc-phiresval-at-zllcenter.txt", phiresONEArray)

Hommmmm oo 0.1% UNCERTAINTY---------- #
ser = phivalArray

serROURA = phirovalArray

serRES = phiresArray

plt.hist(ser,bins=50)
plt.hist(serROURA, bins=50)
plt.show()

plt.show()

plt.hist(ser, normed=True)
plt.hist(serROURA, normed=True)

xt = plt.xticks()[0]
xmin, xmax = min(xt), max(xt)
lnspc = np.linspace(xmin, xmax, len(ser))

xxt = plt.xticks()[0]
XxXxmin, xxmax = min(xxt), max(xxt)
1nspcROURA = np.linspace(xxmin, xxmax, len(serROURA))

#Trying normal distribution first

m, s = stats.norm.fit(ser) # get mean and standard deviation

print("m:",m)

print("s/numOfParticles**0.5:",s/num0OfParticles**0.5)

pdf_gA = stats.norm.pdf(lnspc, m, s/numOfParticles**©.5) # now get theoretical
values in our interval

plt.plot(lnspc, pdf_gA, label="NormA") # plot it

mMROURA, SROURA = stats.norm.fit(serROURA) # get mean and standard deviation
print ("mROURA:", mROURA)

Figure B.32: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - II.

193



Development of a New Apparatus for Precision Gravity Measurements with
Atom Interferometry

print("sROURA:", SROURA)

pdf_gB = stats.norm.pdf(1lnspcROURA, mROURA, sSROURA) # now get theoretical values in
our interval

plt.plot(lnspcROURA, pdf_gB, label="NormB") # plot it

plt.show()
plt.show()

plt.hist(serRES, bins=45)
plt.show()

plt.hist(serRES, normed=True)

xxxt = plt.xticks()[0]
XxXxmin, xxxmax = min(xxxt), max(xxxt)
1nspcRES = np.linspace(xxxmin, xxxmax, len(serRES))

mMRES, SRES = stats.norm.fit(serRES) # get mean and standard deviation
print("mRES:", mRES)

print("sRES/numOfParticles**0.5:", SRES/numOfParticles**0.5)

pdf_gC = stats.norm.pdf(lnspcRES, mRES, sSRES/numOfParticles**0.5) # now get
theoretical values in our interval

plt.plot(1lnspcRES, pdf_gC, label="NormC") # plot it

plt.show()

Homommo oo 0.5% UNCERTAINTY---------- #
serF = phivalPOINTFIVEArray

serFROURA = phirovalPOINTFIVEArray
serFRES = phiresPOINTFIVEArray

plt.hist(serF,bins=50)
plt.hist(serFROURA, bins=50)
plt.show()

plt.show()

plt.hist(serF, normed=True)
plt.hist(serFROURA, normed=True)

xt = plt.xticks()[0]
xmin, xmax = min(xt), max(xt)
1nspcF = np.linspace(xmin, xmax, len(serF))

xxt = plt.xticks()[0]
xxmin, xxmax = min(xxt), max(xxt)
1nspcFROURA = np.linspace(xxmin, xxmax, len(serFROURA))

#Trying normal distribution first

mF, sF = stats.norm.fit(serF) # get mean and standard deviation

print ("mPOINTFIVEUNC:", mF)

print ("sPOINTFIVEUNC/numOfParticles**0.5:", sF/numOfParticles**0.5)

pdf_gD = stats.norm.pdf(lnspcF, mF, sF/numOfParticles**©.5) # now get theoretical
values in our interval

plt.plot(lnspcF, pdf_gD, label="NormD") # plot it

MFROURA, sSFROURA = stats.norm.fit(serFROURA) # get mean and standard deviation
print ("mROURAPOINTFIVEUNC:", mMFROURA)

print("sROURAPOINTFIVEUNC:", SFROURA)
pdf_gE = stats.norm.pdf(lnspcFROURA, mFROURA, sFROURA) # now get theoretical values

Figure B.33: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - II.
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in our interval
plt.plot(1lnspcFROURA, pdf_gE, label="Normg") # plot it

plt.show()
plt.show()

plt.hist(serFRES, bins=45)
plt.show()

plt.hist(serFRES, normed=True)

xxxt = plt.xticks()[0]
XXxmin, xxxmax = min(xxxt), max(xxxt)
1nspcFRES = np.linspace(xxxmin, xxxmax, len(serFRES))

mFRES, SFRES = stats.norm.fit(serFRES) # get mean and standard deviation

print ("mRESPOINTFIVEUNC:", mFRES)
print("sRESPOINTFIVEUNC/numOfParticles**0.5:", sFRES/numOfParticles**0.5)
pdf_gF = stats.norm.pdf(lnspcFRES, mFRES, sSFRES/numOfParticles**0.5) # now get
theoretical values in our interval

plt.plot(1lnspcFRES, pdf_gF, label="NormF") # plot it

plt.show()

Hommmmm - 1.0% UNCERTAINTY---------- #
ser0 = phivalONEArray

serOROURA = phirovalONEArray

serORES = phiresONEArray

plt.hist(ser0,bins=50)
plt.hist(serOROURA, bins=50)
plt.show()

plt.show()

plt.hist(serO, normed=True)
plt.hist(serOROURA, normed=True)

xt = plt.xticks()[0]
xmin, xmax = min(xt), max(xt)
1nspcO = np.linspace(xmin, xmax, len(ser0))

xxt = plt.xticks()[0]
Xxmin, xxmax = min(xxt), max(xxt)
1nspcOROURA = np.linspace(xxmin, xxmax, len(serOROURA))

#Trying normal distribution first

mo, sO = stats.norm.fit(serO) # get mean and standard deviation
print("mONEUNC:",mO)

print("sONEUNC/numOfParticles**0.5:", s0O/numOfParticles**0.5)

pdf_gG = stats.norm.pdf(lnspcO, mO, sO/numOfParticles**®0.5) # now get theoretical
values in our interval

plt.plot(lnspcO, pdf_gG, label="NormG") # plot it

mMOROURA, SOROURA = stats.norm.fit(serOROURA) # get mean and standard deviation
print ("mROURAONEUNC:", mOROURA)

print ("sROURAONEUNC:", SOROURA)

pdf_gH = stats.norm.pdf(1lnspcOROURA, mOROURA, sOROURA) # now get theoretical values
in our interval

plt.plot(1nspcOROURA, pdf_gH, label="NormH") # plot it

Figure B.34: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - II.
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plt.
plt.

plt.
plt.

plt.

show()
show()

hist(serORES, bins=45)
show()

hist(serORES, normed=True)

xxxt = plt.xticks()[0]

XxXxmin, xxxmax = min(xxxt), max(xxxt)

1nspcORES = np.linspace(xxxmin, xxxmax, len(serORES))

MORES, SORES = stats.norm.fit(serORES) # get mean and standard deviation
print ("mRESONEUNC:", mORES)
print("sRESONEUNC/numOfParticles**0.5:", SORES/numOfParticles**0.5)

gI = stats.norm.pdf(1lnspcORES, mORES, sSORES/numOfParticles**0.5) # now get

pdf_
theoretical values in our interval

plt.plot(1lnspcORES, pdf_gI, label="NormI") # plot it

plt

.show()

timeend = time.time()
diff=timeend-timestart
print("Time taken : ",diff)

Figure B.35: Simulation in PYTHON for 3D case: Residual phase calculation
for configuration - II.
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This Appendix summarizes a collection of research contributions made during
the doctoral candidature.

C.1 Publications in International Journals

o “New apparatus design for high - precision measurement of G with atom
interferometry”, M. Jain, G. M. Tino, L. Cacciapuoti and G. Rosi,
(submitted).

o “Measuring the gravitational acceleration with matter - wave velocime-
try”, G.D’Amico, L. Cacciapuoti, M. Jain, S. Zhan and G. Rosi, Eur.
Phys. J. D., 73:98 (2019), DOI: https://doi.org/10.1140/epjd/
€2019-90543-0.

C.2 Conference Proceedings

e “Detecting gravitational waves with atomic sensors”, G. Rosi, A. Vicere,
L. Cacciapuoti, G. D’Amico, L. Hu, M. Jain, N. Poli, L. Salvi, E.
Wang and G. M. Tino, AIIPS conference proceedings, IL NUOVO
CIMENTO 41 C 130 (2018), DOI: https://doi.org/10.1393/ncc/
1i2018-18130-8.

o “Testing gravity with atomic quantum sensors on ground and in space”,
Leonardo Salvi, Luigi Cacciapuoti, Giulio D’Amico, Liang Hu, Manan
Jain, Nicola Poli, Gabriele Rosi, Enlong Wang and Guglielmo. M.
Tino, SPIE Proceedings Volume 10674, Quantum Technologies 2018;
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