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Abstract

Bose-Einstein condensates (BECs) of dilute atomic gases are coherent macroscopic
systems with a well defined phase able to interfere and exhibit an interference pattern
ultimately given by their phase relationship. If the phase relationship between two
BECs randomly changes from realization to realization , it is considered that the two
BECs are phase incoherent even though they interfere in each individual realization.
In this thesis we present a set of experiments whose aim is to "rephase”, i.e to
increase the coherence factor defined as the average of the cosine of the relative
phase of two initially incoherent condensates. The original idea was proposed by
Dalla Torre et al. in their 2013 paper (Phys. Rev. Lett. 110, 090404, 2013)
where the authors dealt with two condensate trapped in a double well potential
weakly coupled by tunneling, thus forming an external bosonic Josephson junction
and theoretically predicted the existence of universal scaling laws for the time de-
pendence of physical observables, focusing on the time evolution of the coherence
factor. We have extended the model to two component Bose-einstein condensates
of different hyperfine states trapped in the same magnetic trap and coupled by an
external microwave field, i.e an internal bosonic Josephson junction. This extension
of the original idea shows that universal dynamics (particulatrly rephasing of two
independent condensates) can be achieved in both external and internal bosonic
Josephson junctions.

We use Ramsey interferometry to obtain information about the phase relationship

of two interacting BECs. Our model shows that the effect of a weak coupling com-
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bined with the nonlinear interactions experienced by the two-component BECs can
rephase an initially incoherent ensemble, giving a well-defined phase relationship to
the system. For an incoherent system, we observe a uniform distribution of relative
phase ¢ after a given Ramsey evolution time ¢. For a given evolution time ¢ in
the Ramsey interferometer, the relative phase distribution should cluster around
¢ = 0. Controlling rephasing is no trivial task and it is dependent on how much the
wave functions of our two component overlap and how strong is the coupling be-
tween them. To increase the atomic interactions, we exploit the intrinsic immiscible
behaviour of two wave-functions.

To decrease the influence of technical noise on phase uncertainty, crucial for accurate
Ramsey interferometry, a new MW system was implemented in the experimental
setup. Our measurements, performed on thermal clouds, clearly show a reduc-
tion of the phase diffusion from 0.5 rad/s, obtained using the old apparatus, to 0.1
rad/s. In our quest to increase the interaction strength by minimising wave-function
overlapping we explored three different methods to produce spatially separated two-
component BEC (2CBEC): independent condensation, fast m/2 transfer and sub-
sequent collective oscillations and adiabatic transfer to a 50:50 superpositon. We
attempted to observe the rephasing effect in two-component BEC but unfortunately
we could not detect it in our experimental conditions. Possible reasons explaining
the lack of direct observation of the rephasing dynamics in 2CBEC, along with all

experimental data, are provided in the body of this thesis.
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CHAPTER 1

Introduction

The discovery of “He superfluidity [3,4] was for decades the only experimental ex-
ample of “a new kind of fluid” that shows collective phenomena. The remarkable
discovery opened up the challenge to understand very unusual properties this new
phase transition displayed, i.e. the absence of the fluid viscosity and the quantiza-
tion of vortices when the system is forced to rotate. It was quickly realized that
such unique features were the first realization of a statistical intrinsic nature the ‘He
possesses. Indeed, the seminal work by Satyendra Nath Bose [5] already enlightened,
with several years of advance, the existence of a net separation of the behavior a
bosonic system should assume at low temperatures with respect to how fermionic
systems would react in the very same configuration. The spin statistics was then
understood to be the key that allows bosonic particles to undergo condensation
when the temperature isn’t high enough to promote them from the ground state.
The work of Fritz London [0] recognized this deep connection between bosons and
condensate while the fermionic superfluidity of *He needed to be understood through
another mechanism that now is known to be a Cooper pair formation. The phase
transition temperature towards superfluidity of *He, at T, = 2.172 K, also called the

A-point, turned out to be a thousand times higher than the *He counterpart due to
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a macroscopic occupation of the system’s ground state, a condition that cannot be
exactly reproduced by a fermion where the Pauli exclusion principle denies multiple
occupation of the same state.

These early ideas and great insight in quantum mechanics impressed many when the
experimental techniques became as sophisticated enough to cool down a mixture of
bosonic gas. Finally, in 1995 the first Bose-Einstein condensation was observed [7—9]
with a vapor of Rb atoms, confined by magnetic fields and evaporatively cooled.
This discovery undoubtedly boosted the research on ultracold gases that were recog-
nized to be the main benchmark towards which address the quest for understanding
the quantum mechanical effects on a larger macroscopic scale. Since then indeed
many groundbreaking achievement have characterized the field of ultracold gases,
like the observation of macroscopic matter wave interference [10], the quantum vor-
tices in a rotating condensate [11], the presence of solitons [12—15], and the obser-
vation of the Mott insulator transition [10].

Most of the physics involved was easily modeled by mean-field interactions, due to
the dilute and weakly-interacting nature of Bose-Einstein condensates. The Gross-
Pitaevskii equation [17, 18] served the purpose since the interactions in a bosonic
mixture are not strictly required to obtain condensation, but, they are needed to
understand the properties of the condensate. Replacing the Schrédinger equation
with the Gross-Pitaevskii had also applications outside the scenario of bosonic mix-
tures, for example to model superconductors [19] and also describe optical vor-
tices [20]. Still a major challenge has been to proceed beyond the simple scheme
of a one-particle picture, to investigate strong interactions and the correlation of
condensates. In this context we have seen one great development of experimen-
tal techniques to ensure controllability and tunability of ultracold gases, e.g. the
reduction of dimensionality to observe the leading role of fluctuation around the
mean-field approach, the implementation of optical lattices [21,22], and the use of
Feshbach resonances [23,24] to tune interactions.

Multi-component BECs experiments have been of particular interest because of the



rich physics their study allows. Cornell’s group was the first to achieve condensation
of rubidium 87 atoms in the states |F' = 2, mp = 2) and |F' = 1, mp = —1) using
sympathetic cooling [25] and, one year later, to produce a two component BEC by
transferring atoms from |F = 1,mp = —1) to |F' = 2,mr = 1) by two-photon
microwave and radio frequency radiation [26]. Information on the relative phase
of a two component BEC can be obtained using Ramsey interferometry [27, 28]
where the first pulse prepares a coherent superposition and the second pulse extracts
the phase information as a population imbalance. The coherence of the system is
lost over time with corresponding loss of interferometric contrast. Inter-particle
interactions are primary contributors to the decoherence of trapped Bose-Einstein
condensates [29-31]. Tt is possible to reduce the dephasing associated with collisional
events by tuning the s-wave scattering length to zero using a Feshbach resonance,
as was done by Gustavsson et al. [32] or by using noncondensed atoms where the
combined contributions coming from greatly reduced densities and the identical spin
rotation effect (ISRE) [33] cooperate to increase the coherence time.

So far, these examples had proven the deleterious effects that interactions have on
the coherence of a system. However, interactions can have the rather surprising effect
of creating a coherent system out of an initially incoherent one. This "rephasing”
mechanism was first proposed by Dalla Torre et al. [2], where the authors con-
sidered a quantum quench in which two initially independent condensates trapped
in a double well were suddenly coupled through uniform tunneling to form an ex-
ternal Josephson junction. They predicted the system would undergo "rephasing”
dynamics whose effect was to increase the coherence factor [31]. Furthermore the
"rephasing” evolution was expected, in the limit of weak coupling, to follow a uni-
versal scaling law, with profound implication in the extension of universal behavior
from an equilibrium system, where they are well established, to a system out of
thermal equilibrium [35]. Extending the concepts of universality to non equilibrium
systems has indeed been the focus of different groups in recent years, especially

for closed systems, with some authors finding universal scaling laws at long evolu-
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tion times by using the Kibble-Zurek mechanism [36,37] in systems slowly driven
across a second-order phase transition [38,39] or suddenly quenched [10,11]. The
rephasing dynamics predicted by Dalla Torre et al. differ from those predicted by
other authors because they show universality at both short and long times, with
relevant implication connecting short-time dynamics, appropriately described by
perturbation theory, to long-time, intrinsically non-perturbative dynamics [12].

In this thesis we have extended this model to two-component BECs coupled by an
external microwave field, forming an internal Josephson junction, and our simula-
tions are in excellent agreement with the results published by Dalla Torre et al. We
have run extensive simulations of the Gross-Pitaevski equation to obtain quantita-
tive result for the evolution of the nonlinear coefficient y, which in our model takes
the place of the tunneling strength and is a crucial parameter for the observation of
rephasing dynamics. One major difference between the two models lies in the fact
that the rephasing characteristic time depends on the nonlinear interaction strength

X, defined as [13]
1
X= %(Uﬂ + U —2U12) Uy, = gjk/dr3|¢j]2|¢k|2 (1.1)

whose strength depends on the value of the interaction strength g;;, = 47rh2ajk /m
and on the overlapping of the wave-functions 1. For 8"Rb the scattering lengths have
values aj; = 100.40a, a1z = 98.006ag and agy = 95.47aq [14], all very close together,
making x =~ 0 and therefore suppressing rephasing in a perfectly overlapping two
component BEC. The overlapping is therefore crucial in controlling the strength of
the nonlinear interactions and can be modified by exploiting the intrinsic immiscible
behavior of the wave-functions, a consequence of the fact that the scattering lengths
satisfy the immiscibility condition a%z < ayya9z [15,16]. We have run extensive simu-
lations of the coupled Gross-Pitaevski equation to obtain quantitative results for the
evolution of the nonlinear coefficient y. We have explored three different experimen-
tal methods to create initially incoherent and spatially separated condensates, the

prerequisites for rephasing to happen: independent evaporation of each component,
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fast 7/2 pulse transfer and subsequent collective oscillations and adiabatic transfer
to a 50:50 superposition. All these methods will be thoroughly detailed in the
chapters to come. We have performed Ramsey measurements of the relative phase
distribution with the aim of detecting oscillations of the coherence factor that follow
the universal scaling laws obtained theoretically, the signature of rephasing. Finally,
the microwave setup used in the experiments has been improved, with a substan-
tial reduction of phase diffusion due to technical noise. The time evolution of the
phase stability has been accurately characterized using Ramsey interferometry with
thermal atoms and an almost fivefold reduction, from ~ 0.5 rad/s to ~ 0.1 rad/s,

measured.

1.1 Thesis structure

This thesis has the following organization:

In the second chapter we review the theoretical basis necessary to describe a BEC
in a mean-field framework. We outline the derivation of the Gross-Pitaevskii [17]
equations for two components coupled by an external field and in the presence of
losses using a variational principle, the Thomas-Fermi approximation and we discuss
dimensionality reduction methods starting from non-polynomial nonlinear coupled
Schrodinger equations which still capture transverse dynamics as variational param-
eters and ending, with the neglect of the radial terms, in a purely one dimensional
model. We briefly present the main ideas employed in the simulations of the coupled
Gross-Pitaevskii equations widely used throughout the thesis.

Chapter three provides an overview of the experimental setup. We describe the
optical excitation scheme, the magnetic potentials and the radio frequency and mi-
crowave systems used to cool, trap and manipulate the atoms. The microwave field
intensity for each polarization component is characterized using Rabi oscillations
and the magnetic field is calibrated with single photon MW spectroscopy. We have

implemented a new imaging system with increased magnification and resolution,
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from ~ 27um to ~ 10pum. Finally we have increased the flexibility of the adiabatic
passage method for dual-state imaging [18], allowing it to be tuned to any transition
frequency by changing the timing of the microwave pulse as well as an external bias
field.

In the fourth chapter we introduce the Bloch sphere formalism and describe the
Ramsey interferometry technique, central to most of our experiments. A theoretical
analysis of the major contribution to the phase noise is given, with a distinction be-
tween purely quantum (intractable in a mean field approach), mean field (predicted
by mean field theory) and technical factors affecting phase noise.

The fifth chapter presents the results obtained in a set of Ramsey interference
experiments in phase and time domain performed on thermal atoms using a new
and improved microwave setup. We provide evidence for the reduction of technical
noise to a level below the corresponding quantum noise experienced by a BEC of
~ 5.5-10% atoms. An analysis of other major sources of decoherence is performed
and Ramsey interferometry on BECs with small populations is carried out to try to
obtain quantum limited clock stability.

Chapter six is an introduction to the physics of bosonic Josephson junctions, both
external and internal. The theoretical foundation for the existence of the rephasing
effect is illustrated using initially the double well model developed by Dalla Torre et
al. [2] and then extended to the two-component case. We present internal Joseph-
son junction simulations that are in agreement with the original model by Dalla
Torre. Extensive two component GPE simulations are performed to characterize
the behavior of the nonlinear y coefficient.

In the seventh chapter we present the measurements for the rephasing experiment.
We use three different approaches to create the right condition for rephasing: inde-
pendent condensation, fast 7/2 splitting and adiabatic transfer to a 50:50 superposi-
tion. Each approach has its pros and cons, which we detail. Ramsey interferometry

is used to characterize the relative phase distribution from where the coherence
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factor is extracted and compared with the theoretical predictions. The coherence
of the system before the application of the rephasing sequence is also studied in a
similar way.

Finally, chapter eight provides concluding remarks and a brief summary of the

results of the thesis.
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CHAPTER 2

Two-Component BEC

This chapter provides an introduction to the theory of two-component Bose-Einstein
condensates, quantum systems composed of two interacting BECs. Condensates of
different elements and condensates of the same element in two different internal
states are all examples of two-components BECs. In Swinburne we focus on the cre-
ation and manipulation of two-component condensates in different hyperfine states,
chiefly |FF = 1,my = —1) and |F = 2,my = +1) in the ground level of 8Rb.
Throughout this chapter the coupled Gross-Pitaevski equations (CGPE) are used
to provide a mean field description that has been successful in predicting with accu-
racy many properties of these quantum systems. The hydrodynamic description of a
two-component BEC is also briefly introduced and constitutes a useful complement

to a CGPE description, particularly when excitations need to be calculated.

2.1 Coupled Gross-Pitaevskii Equations

In the mean-field approximation the state of each BEC component can be described
by the condensate’s order parameter W;. The wave functions are normalized as

[ |W;]2d*r = N;, where N; is the number of atoms in state |i).The mean-field energy
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functional of a two component BEC is [17,19]

E = /dr [%|V\P1|2 - %\V‘I@\Z + Vi(r)Wy + Vo(r) ¥,

5ol + Sl + gl PP | (21)
with g1 = 4whay;/m and gy = 47h®ag/m the coupling constants expressed in
terms of the s-wave scattering lengths for collisions between atoms occupying the
same state, while gio = 47h%a1o /m is determined by the scattering length of atoms
occupying different sates. The first four terms in eq. (2.1) correspond to the kinetic
and potential energy in the external potential V; and the remaining terms takes into
account the interaction between condensed atoms, well described in the low energy
limit by the s-wave scattering length a;;. It is possible to derive from eq. (2.1) the
coupled Gross-Pitaevskii equations (CGPE) for the two-component BEC from the
variational principle ihoV; /0t = §E /6V:

zha\lﬁ = (— 2 +V1(I‘)+g11|‘111|2+912|‘1’2|2)\111
) 12V 22
ihalllz = <— o +V2(1")+922’\I’2‘2+912“I’1’2>\P2

Equations (2.2) do not take into account losses or electromagnetic coupling terms. If
we couple two components with the electromagnetic radiation #Qe™?, the inclusion

of such terms in the rotating-wave approximation leads to [50]

0 v . ho e
m&% = (— v —l-Vl(I‘)+911|\P1\2+912!\I/2|2_th1+7)\1/1+7\1;2
02 hv? . o K
mé% - (_ 2m +V2(r)+922|\1'2|2+912|11’1|2—zhfz—7>\I’Q+—2 Uy
(2.3)

where § = w—uw is the detuning, €2 is the resonant Rabi frequency, I'; = %(7111 Uy |4+
’712|\I/2|2), Fg = %(’)/12|\111|2 -+ ’722|\I[2|2) are the loss rate and Y12, Y22, Y111 are loss
coefficients for two and three-body losses [71]. For the case of two-body losses, the

dominant process is spin-exchange interactions. However spin-exchange interactions
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are suppressed for the |1) = |F = 1,mp = —1) state used in our experiment due
to the conservation of total mpg. In fact there is no state with mprp < —1 in the
F' =1 manifold and the transfer of one of the atoms in the F' = 2 manifold is ener-
getically forbidden due to the very low temperature. Two body losses are therefore
only relevant for the other state used in our experiment, [2) = |F = 2,mp = 1),
where collisions of the type |2,1) + [2,1) = |2,0) 4+ |2,2) leads to the loss of
particle |2,0) from the trap. In a superposition of two states collisions of the type
1) 4+ ]2) = |2,0) +|1,0) are also possible and leads to two-body losses with loss
coefficient ~yj5. The experimentally measured values [52] for 79 = 8.1-107 cm3s™!
and for ;5 = 1.51(19) - 107 cm?s .

Momentum conservation prevents molecule formation in two body collisions, but in
three-body collisions two atoms can form a molecule while the third carries away
momentum. When a molecule is formed the energy released is usually enough to
expel both the molecule and the atom from the trap. Both states experience three
body losses, but this loss process is negligible when compared to two-body losses

for atoms in state |2). The experimentally measured value [11] for the three body

6,—1

coefficient is yy1; = 5.8 - 107 cm®~1.
It is worth recalling the conditions of applicability for the CGPE of equations (2.2)
and (2.3); the total number of atoms N should be large, both to justify the concept
of Bose-Einstein condensation and to ensure the orthogonality of the many-body

wave functions ®; , and ®;, defined, in the Hartree-Fock approximation, as

By o(Fr, T2, oy ) = (\/—%\Pi,a(rl)> <¢Lﬁmw(r2)> (\/Lﬁ%(m)) (2.4)

In fact, if ¥; , and ¥, ;, are two solutions of the CGPE corresponding to two different
values of the chemical potentials p, and p, for component i, they are not, in general,
orthogonal [17], but the corresponding many-body wave functions become orthog-
onal in the thermodynamic limit since (®; o, ®;5) = (N7! [dr UF, ¥; ;)" tends to

1
3

zero when N — oo because [ dr W7, Vi, < N. The diluteness condition |a;| < n

must also be satisfied and the temperature should be low enough to allow us to
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ignore the quantum and thermal depletion of the condensate, respectively. Finally
the CGPE can only be used to investigate phenomena that take place over distances

much larger then the scattering length a;;.

2.1.1 Hydrodynamic equations

It is possible, under general conditions, to use, instead of the CGPE equations (2.2),
an exactly equivalent set of equations for the density n = |¥;|? and the condensate
phase 6;. If we multiply equations (2.2) by W! and then subtract the complex

conjugate of the resulting equations we obtain [17,19]

oW, |2 h
| — (VY — U, VU | = 2.
BT +V 2mi( VA S VUY) 0 (2.5)

which has the form of a continuity equation for the particle density. With the
introduction of the velocity of the condensate, defined as

ho(UIVT, — U, V07

i = . 2.6
Vi o |02 (2.6)
Equation (2.6) can be rewritten in the form

on;

aﬁ LV (nivy) = 0. (2.7)

We can further simplify equation (2.6) by expressing ¥; in terms of amplitude and

phase U; = /N;e'
h

i=—Vb; 2.8
Vit (28)
and finally obtain the equation of motion for the velocity

m V(i; + 2mvz) (2.9)

where
52
2my/n;
Equation (2.9) can be derived by taking the gradient of
o K

e
ot 2m./n;

V2/ni (2.10)

f=V(r) +nigi; + nagio —

1
Vi/ni + émvf + V(r) 4+ n1g1; + nagio (2.11)
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Equation (2.11) explicitly gives the time evolution of the phase and can be obtained
after inserting the order parameter ¥; = /N;e? into the CGPE and separating
real and imaginary parts. The quantity nig1; + n2gin in equation (2.10) is the
chemical potential for a 2CBEC and, at zero temperature, can be related to the
pressure through the Gibbs-Duhem relation dp = ndu, giving p = —0E/0V =
n3g1i/2 + n3giz/2. Using the expression for the pressure, equation (2.9) can be cast

in the form

ov; 1 1 1 h?
ot _mni Vp - EVV(I‘) + EVZm\/ﬁi

Equations (2.7) and (2.12) resemble very closely the hydrodynamic equations for

2
V2 — V% (2.12)

a perfect fluid, with equation (2.7) having exactly the same form, while equation
(2.12) differing slightly from the corresponding Euler equation for a perfect fluid

v, 1 1 v}
ot = —mnin — EVV(I') +v; X (V X Vi) — Vg (213)

the differences being the irrotationality of equation (2.12) in the absence of vortices

FL2
2my/n;
scribes forces due to spatial variations in the magnitude of the wave function and

and the quantum pressure term %V V2,/n;. The quantum pressure term de-

dominates the pressure term on a length scale of the order of the coherence length
& ~ h/(mn;g;). The hydrodynamic equations are particularly suited to investigate

excitations and vortex behavior in BEC.

2.1.2 Ground state and Thomas-Fermi approximation

The ground state of a single BEC satisfies the time-independent GPE equation [53,

}

K22
pv = ( — + V(r) + g|\I/0|2) U (2.14)

2m

where g = 4h®a/m is the coupling constant and a is the scattering length. Equation

(2.14) can be derived from the minimization of the energy functional

h2 2 2 1 4
E-/dr{%wm V()0 +§g|x1/|] (2.15)
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with respect to W* with the constraint that the total number of atoms N is constant.

Throughout this thesis, the ground state is computed using the imaginary time

propagation method [55-57]. This method uses a time-dependent GPE
0 h*V?
h—0 = — v v 2.16
g = (= o+ V) + ol (216)

and makes a Wick rotation to imaginary time ¢ — 7 = it. A trial function ¥(r, 79) =
Uy (r) is then propagated and normalized for every time interval [7,,, 7,,41]. Every step
decreases the energy functional eq. (2.15) and in the limit 7 — oo the ground state is
reached. Practically the computation ends when the energy functional drops below
a predefined value. The correct choice of the trial function Wy(r) is very important
to ensure the convergence. In the limit of small particle number or weak interaction
we can neglect the nonlinear term in the GPE eq. (2.14). The ground state, when

the potential V(x,y, z) is an anisotropic harmonic-oscillator given by
1
Viz,y,z) = §m(wfx2 + way? + wiz?) (2.17)

is a Gaussian function of the form

1

— x2/2a2 y?/2a2 22/2a2
B 7T3/4(6L1a2a3)1/26 el e > (2.18)

Ve

When the particle number is large and the interactions repulsive, a trial wave func-
tion can be obtain by neglecting the kinetic energy term in equation (2.14), or
equivalently the quantum pressure term in equation (2.12). This is the well known

Thomas-Fermi approximation and the ground state takes the simple form

\/@ if V(z,y,2) < prr (2.19)

0 if V(xvya Z) > HTF

\I]TF =

It is possible to simulate the ground state for a 2CBEC using the CGPE (2.2), but
this approach does not reproduce the conditions usually found in the experiment.
The condensate is normally prepared all in state |1) and then half of it is transferred

in state |2) through the application of a 2-photon MW+Rf pulse (7/2 pulse). This
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leaves the 2CBEC in a non-stationary state that exhibits collective oscillations in
the form of breathing modes [58,59].

It is worth mentioning that the imaginary time propagation method can produce
accurate estimates of the first excited state as well, provided that the initial trial

wave function has an odd symmetry [56].

2.1.3 Reduction to lower dimensions

In our experiment the condensate is trapped in an external potential with cylindrical
symmetry. The confinement is tighter in the radial direction compared to the axial
(wr ~ 10w,). This geometry is commonly known as a ”cigar shape” trap. Due to the
high energy cost (~ hw, compared to ~ hw,) of producing an excitation along the
radial direction, we can assume the dynamics happen along the axial direction only.
This allows us to describe the 3D 2CBEC with an effective 1D treatment. The 3D
2CGPE equation can be reduced to a 1D 2CGPE by minimizing the action [60, (1]

with respect to U7

A:/Q+£y%@WﬁWﬁﬁﬁ (2.20)
where
hof 0, ov*  h 1
Li=iz (U= —U—L — — |V = V| — - Uy 0" 2.21
iy (05 - w O - L v - Joeg) e
given the trial wave function
er/(2a2)
Ui = ¢i(r, 2, 1) fi(2,1) = fi(z,t) (2.22)

with a;. = \/m the characteristic length of the harmonic oscillator and ¢; a
Gaussian function that correctly models the condensate in the weak interaction limit
and is acceptable in the strong coupling limit (a rigorous mathematical treatment

of the strong coupling limit can be found in [60,62]).

Assuming ¢, varies slowly along the axial direction

? 0
20~ [ — + — ; .
Voo ( 52 T ayQ) i (2.23)
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we replace the trial wave function in equation (2.20) and after integrating along x

and y we are left with the Euler-Lagrange equation for the two variational functions

fi(z,t) and fo(z, 1)

0 R: 0% mw? 2? g1
h_ | - - = 1z 2
! atfl [ 2m 022 * 2 i 27Tafr|f1’
g12 2
hup, + —2 9.24
ot 220
s, R* 0% mw? 2? 72
h_ - - = 2z 2
! (9tf2 [ 2m 0z2 2 +27mgr|f2|
g12 2
Fagy + ——12 2.5
o+ i) 229

Equations (2.24) and (2.25) are the 1D equivalent of the 3D CGPE and can be
further simplified by neglecting the constant hw;,. since it does not affect the dy-
namics. Equations (2.24) and (2.25) are valid in the weakly interacting regime,
when a;|fi]* < 1. For the strongly interacting regime we cannot use the harmonic
oscillator characteristic length as the width of the Gaussian trial function, but we
have to introduce an additional variational parameter o;(z,t) and solve two addi-
tional Euler-Lagrange equations that will eventually give us explicit expressions for
o; in terms of f; (details in [60]).

The 1DCGPE can be obtained from equations (2.2) in a general way by neglecting

the radial terms and by replacing the nonlinear coefficient with

o7 =g [ W 0PI 20 P (220
0

where ¥; and ¥; are suitable trial function. It is important to remember the different
conditions in which a 1D BEC can be found. In the limit a;|f;|* > 1 the system
is geometrically one dimensional but the BEC locally retains its three dimensional
features; if a;|f;|> < 1 the condensate enters the 1D regime. This regime can still be
treated using a mean field theory if | f;|?a?./a; > 1, otherwise one should use Lieb
and Liniger theory [63], which introduces beyond mean field effects. In the limit of

very low density, when a2.|fi|*/a;; < 1, we enter the Tonks-Girardeau regime [(,67]
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where particles behave like impenetrable objects and an interacting Bose gas can be

described as a Fermi gas.

2.1.4 Simulation of the non-equilibrium dynamics of 2CBEC

The first step to efficiently solve equations (2.3) is to cast them in dimensionless

form. By introducing the harmonic oscillator length

. h
Wy, = Min(wy, wy, w, ), ap = P
and by making the following change of variables
/ r /
r—>r = —, t =1 = wnt,
agp
E
E—>E’:h—, U U =a)?V
W,

we obtain

.0 \% _ 0o’ Q

i Uy = = V() + g W+ g — il + o )9+ T

ot 2 2 2

.0 \% , o 94

i = (= G+ V) gl + gl WP irt - 5w+ T
with

/ r_ Lo o 2,2 2,2 W,z / Amai
Vi=V, = 50‘9&5 +)\yy +)\yy )y Aryz = o 9i5 = o
m 0
/ Y111 / Yij / Q / 0
T wmad’ ij Wnad’ Win, Win

The solution to Equations (2.29) has the approximate form [66, (7]

\I];(n—i-l) ~ e—z‘AtflefiAtB\I/;(O)(r)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

and is found in two steps with a time splitting spectral scheme (TSSP). The first

step consist of finding a solution for the differential operator A

20 r) = —20 (1 r) with nA <t < (n+1)At

(2.32)
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by Fourier transforming F (V2\I/;(1)), solving the resulting algebric equation and
then inverse Fourier transforming the result. The second step solves the remaining
nonlinear operator B

(

0 = (Vi) + o U g+ £ )+

] (2.33)

U@ (At r) = U ((n+ 1At r) with nA <t < (n+1)At

\

with an exact integration of equation (2.33). With the splitting scheme of equation
(2.31), called a Lie split, the approximation is first order in time and spectral in
space. This means we have to set a relatively small time step At for precise results,
while the spatial grid can be coarse. The method can be improved by using a
different splitting scheme, called a Strang split [6%], that approximates the solution
with

gt o pmi(A/2)A —iAtB e—i(At/Q)A\I,;(O)O.) (2.34)

7

and improves the scheme to second order in time.



CHAPTER 3

Experimental Apparatus

In this chapter we provide a comprehensive description of the setup and the methods
used in the experiments. The system is designed to prepare a 3'Rb Bose-Einstein
condensate (BEC) in the stretched state |FF = 1,m = —1) of the ground state
manifold. The 8"Rb atoms are trapped in an ultra high vacuum (UHV) chamber
using a magnetic field produced by multiple sets of coil surrounding the chamber
and an ”"atom chip” placed inside the chamber, compatible with the requirement
for UHV. The atoms are cooled to temperatures in the range of several tens of uK
by the combined application of Doppler-limited optical molasses and sub-Doppler
polarization gradient cooling (PGC). The final cooling needed to reach the critical
temperature for BEC formation is achieved using the radio frequency evaporation
technique. Once the BEC phase has been reached, we manipulate the condensed
atoms by applying radio-frequency (RF) and micro-wave (MW) fields. The appli-
cation of these fields leads to coupling between the different hyperfine sub levels
and allows us to perform the two component BEC experiments (2CBEC) described
in the following chapters. Finally we extract information about the populations
of two states using a dual state absorption imaging technique combining adiabatic

population transfer with the Stern-Gerlach separation.
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3.1 Magnetic trapping

Neutral atoms can be trapped using the interaction between their permanent magnetic-
dipole moment and a static magnetic field, by inducing an electric-dipole moment
through the application of an inhomogeneous laser field, or using time varying fields
(e.g. TOP traps). Compared to the trapping of ions, who have a charge on which
an electromagnetic field can exert considerable Coulomb or Lorentz force, the forces
that can be applied on neutral atoms are rather weak, hence it is necessary to laser
cool them. The technique and the setup for our laser cooling system will be the topic
of the next section. In this section we focus our attention on magnetic trapping,
the interaction of a static magnetic field with a neutral atom, the types of magnetic

traps used in the experiment and the equipment employed to create them.

3.1.1 Interaction of an atom with a magnetic field

We start by considering the Hamiltonian describing the hyperfine energy levels of
an atom in a static magnetic field B. The total Hamiltonian Hy, is the sum of the
hyperfine Hamiltonian H} ¢, and the Hamiltonian describing the interaction with the

magnetic field Hp:

Hyot = Hpps + Hp (3.1)

with [69,70]

=0 for levels with J=1/2, as in 87Rb ground state
N

le N

3I-J)?+31-J—-I(I+1)J(J+1)
Hyrs = AppsI - J + Bigs 2
EAR T Phs 2121 —1)J(2J — 1)

(3.2)

Hp = “{(gﬂz +g:11)B. (3.3)

where Ay, is the magnetic dipole constant, By, s is the electric quadrupole constant,

I is the total nuclear angular momentum, J is the total electron angular momentum,
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ip is the Bohr magneton, g;; are respectively the electron and nuclear g-factors.
The static magnetic field B is taken to be along the z axis and the quantization
axis is chosen in the same direction. For weak magnetic field (B < 1000 G, see
figure 3.1), Hp is a perturbation of Hy s, F' = J 41 is a good quantum number, the
state of the atom can be expressed in the |F, mp) base and the energy levels split

according to [70]:

where gp is given by [71]:

FIF+1) I+ 0+ JJ+1) F(F+1)+I(I+1) = J(J+1)

9F =91 2F(F+ 1) T 2F(F 1 1)

(3.5)
For strong magnetic fields Hjss becomes a perturbation of Hp, J and I are good
quantum numbers, the state can be expressed in the |J,m; I,m;) base and the

energies are given by:
E\1my 1myy = Angsmamy + pp(gomy + grmy) B, (3.6)

For intermediate fields, perturbation theory cannot be applied and the Hamiltonian
Hior = Hpps + Hp needs to be diagonalized numerically. However, for states with

J = 1/2, as is the case of the ground state of alkali metals, we can apply the

Breit-Rabi formula [70, 72] (figure 3.1), that provides an analytical solution to the
problem:
E ABuy, pa D (1 Ame G\ (3.7)
1 /2m, [my) = — m T .
|J*1/27 g1, I) 2(2]+1) giiB 2 2]+1

where © = (g5 — gr)ppB/AE};s and m = m; £+ 1/2 depending on the sign chosen
in equation (3.7)
As can be seen from equation (3.4), the energy of a state depends on the magnetic

field. Atoms in an inhomogeneous magnetic field will experience a spatially-varying
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Figure 3.1: Zeeman split of the hyperfine levels F=2 and F=1 in 3" Rb calculated

using the Breit-Rabi formula, equation 3.7

potential proportional to grmp. If gpmp > 0, the atom will experience a force
toward the regions of lower magnetic field and the corresponding states are called
low-field seekers. States with gepmp < 0 on the other hand will experience a force
toward the region of high magnetic field and are therefore called high-field seekers.In
regions where there are no electric currents it is impossible to have a local maximum
of the magnetic field and therefore the only states relevant for magnetic trapping

are low-field seeking states.

3.1.2 Quadrupole coils

We use a pair of identical coaxial coils carrying equal currents in opposite directions
to create a quadrupole magnetic field. In our experiments the quadrupole field is

used in conjunction with laser beams during the initial cooling stages (MOT and



Magnetic trapping

CMOT, see section 3.2.1). The coils used have a radius R = 7.5 cm, with n = 400
turns each. In order to produce a quadrupole field which is nearly uniform around
the minimum of the field, the coils should be in an anti-Helmholtz configuration,

which means they should satisfy the following conditions:
the current in each coil is equal in magnitude and opposite in direction;
the distance d between the two coils is d = v/3R.

The condition on the current is satisfied by wiring the coils in series and driving
them with a single power supply. The usual values of the current range between 9.0
A and 9.2 A. The condition on the distance is not satisfied due to the constraint
imposed by the size of the vacuum chamber. The separation between the coils is
currently d ~ 4R and cannot be reduced. Increasing the radius of the coils will
lead to an increase in inductance and resistance, with a consequent increase in
switching time and heating, both undesirable. Magnetic field simulations show only
a small departure from the ideal quadrupole potential, both in terms of linearity
and gradient strength for the present configuration. The current is controlled by
a switching circuit based around a high-power bipolar-junction transistor (BJT)
and an OP-amp feedback loop (figure 3.2). There are independent switches for
every element creating a magnetic field, with the exception of the Z and U-Wire
traps that share the same switch [73]. The switching speed differs by the nature
of the load, with mostly resistive loads, Z and U wire, being the fastest (few us)
and highly inductive loads, quadrupole coils and large bias field coils, being the
slowest (hundreds of us). Additionally, with an inductive load, is very important
to set the right parameters for the feedback loop, in order to damp the inevitable
LCR resonances (usually in the range of tens of kHz). The stability in time of the
magnetic field produced is also very important and we infer it by measuring the
stability of the voltage across a sense resistor. For the fields used during evaporative
cooling, when trap stability is paramount, we use water-cooled monitor resistors

built to strict tolerances to minimize fluctuations in the readings due to variations
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in the resistor itself. The voltage is stable in the mV range over a 20 seconds period.
The magnetic field generated by a single coil is [71], using cylindrical coordinates,

with the z-axis coaxial with the center of the coils:

_ ol 1 R? —p* — (2 — A)? 2 2

B. = 21 \/(R+p)2+(Z—A)2 ((R—p)Q—i—(z—A)?E(k >+K(k >> (3-8)
_ Mol z—A R4p*+(z—A? o o

Bp_ 2mp \/(R+p)2+(z—A)2 ((R—p)2+(z—A)2E(k ) K(k )) (3-9)

4Rp
k? = B|=,/B.,*+ B2 3.10
(R+p)?+ (2 — A)? |B] 5 (3.10)

where F(k?) and K(k?) are elliptic integrals, A is the distance along the z-axis,
p = \/ﬁy2 is the distance on a plane perpendicular to the z-axis, R is the coil
radius and gy = 47 - 1077 T-m/A is the vacuum permeability. The fields of a pair
of coils in anti-Helmholtz configuration can be calculated as a superposition of two
such field with opposite currents I. From eqs. (3.8) and (3.9) it is clear that such a
configuration has only one point where the field is zero, and this point lies on the
z-axis halfway between the coils. The magnetic field around the minimum has the
form:

B = B, + By + B.z (3.11)

The potential generated is proportional to the field gradient and varies linearly,
providing a confining force F = ﬁ(u : E) in all three directions . However, due
to the Maxwell’s equations requiring that Bj + B, + B, = 0, the force is neither
harmonic nor central. The gradient of the magnetic field for the usual experimental
condition I = 9.2 A is ~ 4.5 G/cm in the radial direction and ~ 9.5 G/cm in the
axial direction.

It is a well known fact that the quadrupole field cannot be used to achieve BEC due
to Majorana spin-flip losses. This loss mechanism arises because atoms confined in
a quadrupole trap explore, as they move, regions where the magnetic field changes
in magnitude and direction. For the atoms to remain trapped, as we have seen in
3.1.1, they must remain in a weak-field seeking state. The atoms will remain in

a specific magnetic sub level as long as the Larmor frequency w;, = gpmsupB/h,



Magnetic trapping

25

describing the precession of the magnetic moment around the magnetic field is fast
compared to the field variations. The assumption that the spin follows adiabatically

the local direction of the magnetic field is valid if
v VB < wy (3.12)

where v is the speed of a particle and wy, is the Larmor frequency. In regions of the
trap where the magnetic field is very weak, this condition is not satisfied, and atoms
will be ejected. For hot enough atoms, however, the losses will be small, because the
size of the region where Majorana spin-flip is relevant has size \/W , with
v being the speed of the atoms, which is much smaller then the size of the cloud.
When the temperature drops, v decreases, decreasing the size of the "hole”, but the
size of the cloud decreases even faster, giving a 72 dependence of the loss rate with
the temperature [75]. For this reason condensation is achieved in a different field
configuration, a configuration with non-zero magnetic field everywhere, achievable

in a loffe-Pritchard trap.

3.1.3 Ioffe-Pritchard trap

One way to overcome the Majorana spin-flip losses is to confine atoms in a trap

with a non-zero minumum. The most common realization of such a trap is the

loffe-Pritchard (IP) [74-76]. The trapping field has the form:
1 0 2+ (y* + 22)/2
B//
B=B, |0 |+5B -y |+ 7 —zy (313)
0 z —xz

where By is a bias field. The modulus of the field, obtained by expanding to second
order near the minimum, which we make to coincide with the origin of our reference

frame, is:
B// 1 B/2 B//
|B| %Bb+7f2+§ (E—T) (22+y2) (314)
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VCont

Figure 3.2: Schematics of the switch used in the experiment to drive the quadrupole
coils. The current through the inductive load Zj is kept at the desired value by
a feedback loop that compares the voltage drop Vsense across the sensing resistor
Rsense with the control voltage Vioon: selected by the user. To avoid fluctuation in
the current value due to change in the value of Rgense, the sensing resistor is water

cooled .

The trapping potential created by this trap is well approximated, near the origin,
with an anisotropic harmonic potential of the form:
Hm BI2 B § 2 "2
U 2m | =2 - 2 B 3.15
(5 -5 ) i s (3.15
where p* = 22 +y? and p,, = grpupmp. Far from the origin the potential is linear
along the radial direction (U, = uB’p) and harmonic along the axial.

The presence of a gravitational field modifies the potential to:
U= pim - |B| —mgz (3.16)

Gravity displaces the minimum so that the atoms are not positioned in it anymore.
The magnetic field gradient required to compensate gravity is B’ = mg/ i, which is

~ 30 G/cm for atoms in |F' = 1,m = —1). Atoms with different magnetic moment



Magnetic trapping

27

11, o will then clearly occupy different positions in the trap, with a separation given
by:
Az =L <ﬂ - 1) (3.17)

w? \ o
and w is the trapping frequency in the direction of gravity for atoms with magnetic

moment

3.1.4 Magnetic traps on a chip

The main advantages in using miniaturized current-carrying structures on a chip

surface to generate the magnetic field needed to trap atoms are:
e Very strong confinement (high field gradients)
e Strong anisotropy (extreme aspect ratios)

The magnetic field generated by an infinitely thin wire carrying a current [ is:

I
ol

= 3.18
2rr ( )

It is clear from the previous equations that the closer the trap is to the wire, the
stronger will be the confinement. However, losses induced by temporal fluctuations
of the charge density inside the conducting wire, which creates a time dependent
magnetic field that can induce spin-flips, and heating effects on the trapped atoms
limit the minimum trap distance for copper wires to about 4 micrometers [77-79].
With superconducting wires these effects can be greatly suppressed, and the new
limiting factors come in the form of van der Waals and Casimir-Polder forces, that
cause atoms closer then a few hundred nanometers to fall on the trap surface [30]. In
our experiments we use copper wires to generate our trap and the minimum distance
of the cloud from the surface ranges from 140 to 180 micrometers.

A Z-shaped wire, combined with an homogeneous external bias magnetic field B,
perpendicular to the central part of the wire, produces an harmonic potential anal-

ogous to a loffe-Pritchard trap [¢1]. The application of an additional field B,
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perpendicular to By in the y direction allows the trap bottom By of the Ioffe trap
to be adjusted. The field created by such a configuration is, for thin wire, infinite
end wires, close to the minimum and up to second order:

(y* + %) (27TB§)2 2porol dix?

B =B
(z,y,2) ot 2B, piol m(d} +r3)3

(3.19)

where dj, is the length of the middle wire, rq is the distance of the field minimum
from the wire and the equation is valid if rq << dj,. We use such a configuration
to trap atoms during the evaporation stage, in what we call a compressed magnetic

trap (CMT). The trap frequencies can be calculated using:

27TB2 B
= 2
wy 2 BO (3 0)
poldy
3.21
\/me d2 + )3 ( )

and m is the mass of the atoms. For the typical experimental conditions with I = 17
A, By =323 G, B, = 26 G and dj, = 6.353 mm we have w, = w, ~ 27 - 99.794
Hz and w, ~ 27 - 13.1 Hz, not far from the measured values w,, ~ 27 - 97 Hz and
w, ~ 27 - 11.7 Hz. These formulae don’t take into account the finite size of the end
wires, providing results that differ slightly from the actual measured results. It is
possible to calculate the field more precisely by adding the field generated, using the
Biot-Savart law, by wire segments. Following this procedure, the field at a point P

created by a segment of length A is [32]:

ol Cx A (A-C A-B) (322

T [Cx AR\ [C] B
A U-shaped wire, again with a bias field B, applied along the y direction, creates a
quadrupole trap and it is used, due to the increased strength when compared with
the field created by quadrupole coils, in the compressed MOT (CMOT) stage of the
BEC production.
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3.2 Laser Cooling

Laser cooling allows atoms to be cooled from the ~500K of rubidium vapour released
from the dispenser to ~ 40uK of the atoms just after polarization gradient cooling
(PGC). In this section a description is provided of the principles and realization of

the various stages of cooling.

3.2.1 The MOT

The first step in the cooling process is achieved by exploiting the dissipative and con-
fining force generated by two counter propagating, circularly polarized laser beams
on atoms moving in an inhomogeneous magnetic field. This step can be achieved
using a magneto-optical trap (MOT). To understand how this force is created we
should consider a 1D model of an atom with an F'=0 ground state and F'=1 excited
state. The model can then be extended to 3D and F' — F’ = F + 1 transitions.

The magnetic field created by quadrupole coils is zero at the origin. Its magnitude
increases linearly with position, while its direction always points away from the
origin. Two counter propagating laser beams of opposite circular polarization, o™
and o~, red detuned by § from the FF = 0 — F’ = 1 transition, illuminate the
atom. If this atom is moving away from the origin in the x > 0 region, the Zeeman
shift cause the mp = +1 sub level to be shifted up, away from resonance and the
mp = —1 sub level to be shifted down, closer to resonance. If the polarization of
the beam coming from the right is chosen to be ¢~ then the atom will scatter more
photons from the ¢~ beam than from the ¢* and the atom will experience a force
toward the center of the trap. on the other side of the trap, for x < 0, the sub levels

are reversed and more photons will be scattered from the left propagating ™ beam,

again sending the atom towards the center. The total force is [75]:
Tk~ So Ik~ 50
2 14 s0+(204/7)? 2 1450+ (20_/7)?

where sg = I /I, with I4, the saturation intensity (for 8"Rb and isotropic light

F=

(3.23)
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polarization I, = 3.576 mW /cm?) [69], « is the spontaneous emission rate, hk is
the momentum per photon and ¢4 is the detuning given by:

/

wB

br=0Fk-v+t
+ :th

(3.24)

1= (grrimpei1 — gemp)pp is the effective magnetic moment, k - v is the Doppler
shift and g/ B/h is the Zeeman shift. When the Zeeman shift and the Doppler shift
are small compared to the detuning § we can expand eq. (3.23) and obtain:

8hk2580 . /JJ_/b

F=obomnmr P = v s "

B (3.25)

and [ is the damping coefficient while b is the magnetic field gradient. As we can
see from eq. (3.25) the force is both cooling (term proportional to v) and confining
(term proportional to r). The lowest temperature (Doppler limit) achievable by
exploiting this damping force is:

h
Tp=-1

= 2
n (3.26)

and for rubidium is Tp = 146u K. This limit, which is called Doppler limit, arises
because the spontaneous emission of photons is a stochastic process and the force
has fluctuations that produce heating. Such a process can be analyzed using the
Fokker-Planck equation [75].

The MOT laser used in the experiment is a commercial Littrow external cavity Top-
tica DLX110, red detuned by 6 = —18 MHz from the cyclic transition 5251/2(Fg =
2) = 52D /2(Fe = 3) to which it is locked by Doppler-free polarization spectroscopy.
The detuning is controlled by acousto-optical modulators (AOM) that also serve
as a high speed switch due to the fact that only the +1 diffraction order is cou-
pled to the fiber and delivered to the atoms. The power delivered to the atoms
is 200 mW. To prevent population loss to the dark state 5251/2(Fg = 1) from the
short-lived 5Py /5(F, = 3) (7 ~ 26 ns) a repumping beam is mixed with the MOT
laser. This repumping beam is created by an external cavity Littrow configured

Toptica DL100 laser, frequency locked by Doppler free saturation spectroscopy to
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the transition 5%S;5(F, = 1) — 5°Ps)s(F. = 2). This transition is more favorable
than 52P; /2(Fe = 1) because Clebsch-Gordan coeflicients are an order of magnitude
larger and repumping occurs faster. The repumping power delivered to the atoms

is =~ 7 mW. Figure 3.3 provides a representation of the transitions used during laser

cooling.
F =
€ 3 ____1 AIVIOTN18 MHZ I AMOT"’SO MHZ
) o
P32 267 MHz
2
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_— 6835 MHz
5251/2 .

Figure 3.3: 8" Rb energy levels together with the transitions used in the laser cooling

stage.

3.2.2 Polarization Gradient Cooling

It is possible to achieve further cooling by using polarization gradient cooling (PGC).
In our experiment use two counter propagating o — ¢~ beams to create a linearly
polarized electric field which rotates by 27w over one optical wavelength. Atoms
at rest in such field will have the populations of their ' = 1 state equally dis-
tributed between the light shifted mp = 41 substates, with the sub-state mprp = 0
more strongly populated. Moving atoms, by contrast, experience a rotation of the
polarization vector and we can think of them as dipoles trying to follow the polar-

ization vector. However, due to the finite optical pumping time, the population of
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the ground substates always lags behind the steady state-distribution for the local
polarization direction. This lag translates into an imbalance of population of the
my = £1 substates. More specifically, for atoms traveling toward the ¢ beam the
mys = 1 will be more populated than the m; = —1 and vice-versa for atoms moving
toward the ¢~ beam. This imbalance in turn cause more photons to be scattered
from one beam than the other, cooling down the atoms. The minimum temperature
achievable with PGC is [33]:

2 I

—_— 3.27
Isath |5‘ ( )

Tpac ~

and depends inversely on the detuning ¢ and directly on the intensity I of the laser
beam. In the experiment, PGC is performed by using the MOT laser beams, which
already have the correct polarization pattern and by increasing the detuning from
18 MHz to &~ 50 MHz. At the same time, the magnetic field gradient is reduced by
a factor of ten. This is done because in the presence of magnetic field the atoms are
damped toward a non-zero velocity given by w, /k, where w, is the Zeeman precession
frequency. The repumper beam is applied, for the same reasons explained in the
MOT section, throughout the PGC. At the end of a 10 ms cycle, the atoms have
a temperature of about 40 pK. The measured value is quite close to the result
Tpce = 26 uK obtained by applying equation (3.27) with the typical experimental
parameters [ = 200 mW /cm? and § = 27 - 50 MHz.

3.2.3 Optical pumping

Optical pumping is not a cooling process, but it is a crucial step in BEC prepa-
ration. After the PGC the atoms are spread across all the magnetic substates
from mp = —2 to mp = +2. Only the low field seeking atoms can be trapped in
our compressed magnetic trap (CMT). In order to maximize the transfer of atoms
into the magnetic trap we optically pump them to |F = 1,mp = —1), which is
also the stretched state we use for BEC creation. The laser employed for optical

pumping is a home-made external cavity, Littrow configured, diode laser similar in
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design to a Toptica DL100. The laser is locked, using polarization spectroscopy,
to the 5251 /2(F, = 2) — 52Py;p(F. = 3) transition and then shifted down, by
double passing through an AOM, by 260 MHz to be detuned by ~10 MHz from
the 5251 )5(F, = 2) — 5*Py5(F. = 2) transition. We chose to lock the laser around
5251 /2(Fy = 2) — 52 Pso(F. = 3) because this transition has a stronger polarization
resonance. The transition 525 5(Fy, = 2) — 52P35(F. = 2) was chosen because it
does not lead to cloud heating that would have occurred if a cycling transition such
as 5251 2(Fy = 2) — 5°P35(F, = 3) was used. The optical pumping is performed
in two stages. In the first stage a mostly ¢~ with a small m-polarization component
optical pumping beam is applied simultaneously with a ¢~ polarized repumper beam
to avoid population loss to the dark state F,; = 1. This stage lasts for 1.6 ms. At the
end of the first stage, most of the atoms are in |F' = 2, mr = —2). In the second stage
the repumper is shut off and the population is transferred from |F' = 2,mp = —2)
to |F = 1,mp = —1) via relaxation of the intermediate 5*Py5(F. = 2) state. The
second stage lasts for 0.7 ms. The efficiency of the process is ~ 90%. A schematic
representation of the transitions involved in the optical pumping process is presented

in figure 3.4

3.3 Hyperfine Manipulation

In our experiments we often deal with BECs of atoms in more than one hyperfine
state. This section describes the structure of 8"Rb hyperfine states and how we

experimentally manipulate them.

3.3.1 Atomic system

Atoms of ¥"Rb in the 525 /5 state have electron angular momentum quantum number
J = 1/2 and nuclear angular momentum I = 3/2. The total angular momentum F

can take values |J — I| < F' < J + I, hence we have two hyperfine states, F' = 1
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Figure 3.4: Optical pumping to the |F' = 1.mp = —1) state. Blue lines represent
light absorbed from the optical pumping beam, with mainly o~ and a fraction of ™
polarization. Green lines represent repumper radiation that prevents states different
than |F =1, mp = —1) from being populated. Red dashed lines describe spontaneous

emission. A full description of the process is provided in the text.

and ' = 2. In a external magnetic field, these hyperfine levels split into three
and five Zeeman sublevels, respectively. For weak magnetic field (B < 10® G) the
magnetic moment is uy &~ —mpup/2 for F = 1 and py =~ mpppg/2 for F = 2
(see figure 3.5). The Hyperfine splitting energy between F' = 1 and F' = 2 is
Apgs = 6.83462861090429(9) GHz [69] and lies in the microwave range. To create a
two component BEC (2CBEC) in a magnetic trap we are left with only two possible
low-field seeking state, |F = 2,mp = +1) and |F = 2,mp = +2), apart from
| =1, mp = —1), which is the state we condense to. We choose |F' =2, mp = +1)

over |F' =2, mp = +2) because:

o |[FF=1mp = —1) and |F = 2,mp = +1) have the same magnetic moment,
apart from a very small second order Zeeman shift correction and they occupy

the same position in the trap.
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o |[FF=1mp = —1) = |F = 2,mp = +1) is a two photon transition, more

efficient by a factor ~ 10? than the three photon |F = 1,mz = —1) — |F =

Q,mp = —|—2>
-2 -1 0 +1 +2
12)
F=2 o
- I . ~0.7 MHz/G
T
©
3
|1)
_._
F=1 _—

Figure 3.5: Ground state of 8" Rb showing the two hyperfine levels F=1 and F=2
and their Zeeman split sublevels. The frequency separation between F=2 and F=1 is
~ 6.844 GHz while the separation between sublevels is = 0.7 MHz/G. The states |F =
1,mp=—1) and |F = 2, mp = 1) used in the experiments have been highlighted.

However this choice is not without a cost, since in the state |F = 2, mp = +1)
two body recombinations are not suppressed and lifetime is shorter. For the special
case of By = 3.228917 G, the difference in Zeeman energy between the states |F' =
1,mp = —1) and |F = 2, mp = +1) is independent of the fluctuations of B to first
order [31] (see figure 3.6). This provides us with the added benefit of differential
magnetic field noise insensitivity for the chosen transition. The Zeeman sublevels of
each hyperfine state experience a B dependent shift that can be precisely calculated
using the Breit-Rabi formula eq. (3.7), but is often approximated with ~ 0.7 MHz/G.
For our usual condition of B = 3.229 G this shift amounts to 2.26 MHz. The splitting
between the states |F'=1,mp = —1) and |F = 2, mp = +1) around By is [3/]

AE = 2rh[fo + B(B — By)? (3.28)
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fo =6.834678113.59 Hz B = 431.35947 Hz/G? (3.29)
The hyperfine states and relative Zeeman sublevels are coupled by an electromag-

10/

AEnergy (kHz)
=}

3.22892 10
B (Gauss)

Figure 3.6: Energy difference of the levels |F = 1l.mp = —1) and |F = 2.mp = 1)
relative to the hyperfine splitting energy Enss/h = fugs for different values of the
external magnetic field B. The minimum is reached for ~ 3.229 G leading to the
cancellation of the first order Zeeman shift (red dot). The dependence of the energy

for small values of B around By is parabolic, see equation (3.28).

netic field through magnetic dipole transitions. The transition frequency can be
in the radiofrequency range (between Zeeman states) or in the microwave range
(between hyperfine states) and can be single or multiphoton. By considering the
coupling Hamiltonian ]:I,nf = —[i - Byfcosw,st, where B,s is the amplitude of the
RF field and w;, s is the angular frequency of the RF field, it is possible to calculate
the coupling strength for every given transition and field polarization. If we assume:

= “’ng P (3.30)
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then the off-diagonal matrix elements of H,.r in the |F,my) basis are:

. hQ,

RF o* transitions: (F,mp + 1|H, f|F,mp) = 5 VF(F+1)—mp(mp +1)

(3.31)
+ . / o th— 1

MW o= transitions: (F',mp £ 1|H, f|F,mp) = £ 5 (I£mp+1)2— Z)

(3.32)
" / g M 2 2
MW 7 transitions: (F',mp + 1|H, f|F,mp) = 5 \/(21 +1)2—4m3)  (3.33)

where Q, = ppgrBi/2h is the Rabi frequency for the o* transitions and Q, =
ppgrB)/2h is the Rabi frequency for 7 transitions. With the coupling strength and
by assuming that all atoms start at ¢ = 0 in a stretched state |F,mp = £F), we
can calculate the populations at time ¢ in each state by using [18]:

(2F)!

2 F4+mp 2| F—mp |2
W} F‘ (F+mp)!(F—mF)!|Cl | ’CQ | ( )
where
52 0?2 \ /Q?f + 62
2 _ rf 2
1|2 = ot e T (3.35)
0? \/ Q2+ 62
2 _ rf s 2
|02’ = m S1n Tt (336)

and ¢ is the detuning while €2, is the coupling strength calculated before.

For two photon transitions like |F' = 1,mp = —1) — |[F = 2,mp = +1) the
treatment is slightly different. If both photons are sufficiently detuned from the
intermediate state (|F' = 1,mp = 0) or |F' = 2,mp = 0)), then the three level
system can be reduced to two levels by adiabatic elimination [18]. The two photon
Rabi frequency is, to first order in the detuning from the intermediate level A:

2
2A

(3.37)

2ph ~

where 21,()5 are the coupling strengths for the RF and Mw transitions, respectively,

and we have assumed the two photon detuning ds,, = 0.
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The leakage to an intermediate state is well approximated by [18]:

607 + 303
> o) m —L 2 (3.38)
[i)#11).12) 34

Equations(3.37) and (3.38) shows that the smaller is the detuning A from the inter-
mediate state, the faster is the Rabi frequency, but the higher will be the unwanted
leakage of atoms to the intermediate level. For this reason we keep A = 27 x 1 MHz,
which limits leakage to negligible levels and gives a two-photon Rabi frequency, in
typical experimental conditions, of €25,, = 27 x 510 Hz. Figure 3.7 provides a

summary of the relevant transitions, their polarizations and Rabi frequencies.

3.3.2 Microwave setup

We use two different microwave synthesizers to produce the microwave signal. The
first one is an Agilent E8257D with a frequency resolution of 0.001 Hz, switching
speed of 7 ms and phase noise as in table 3.1. With switching speed we refer to the

time required by the MW synthesizer internal electronics to modify the phase of a

signal.
Phase Noise at 10 GHz | dBc/Hz
100 Hz -84
1 kHz -106
10 kHz -115
100 kHz -115

Table 3.1: Phase noise for an Agilent E8257D

The second synthesizer is a FSW-0010 QuickSyn with a frequency resolution of 0.001

Hz, switching time of 100 us and phase noise as in table 3.2.
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Figure 3.7: MW transitions (red lines) and RF transitions (green line) used in
the experiments (top). The solid lines represent two photon transitions between the
clock states |F' = 1,mp = —1) and |F = 2,mp = +1). To avoid population of
F =2 mp =0), the MW field is detuned by ~ 1 MHz. The two photon detuning
is close to zero. The Rabi frequency for the two-photon transition is typically Qs =~
27 - 125 Hz and the amplitude, obtained by fitting a sinusoid, is close to 1 (center).
One-photon MW transitions are used for MW spectroscopy and adiabatic passage
imaging sequence, particularly the m polarized |F = 1,mp = —1) to |[F = 2, mp =
—1) transition (bottom). P, is defined as the relative atom number difference (e.g

Ny — Ny /Ny + Ny)
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Phase Noise at 10 GHz | dBc/Hz
100 Hz -83
1 kHz -112
10 kHz -122
100 kHz -121

Table 3.2: Phase noise for an FSW-0010 QuickSyn

The FSW-0010 has a much faster switching time and better phase noise charac-
teristics, but due to a problem with the triggering, which prevents us from doing
Ramsey spectroscopy in the phase domain, we use both. Both synthesizers are
locked to an external 10 MHz OCXO 8607 quartz oscillator for improved stability.
The signal produced by both synthesizers has a typical power of 3 dBm. This signal
is sent to a reflective switch (Agilent N9397A) that can be switched between a 50
Q) terminator and a 20 W MW amplifier. After being amplified it propagates along
a b0 () coaxial line to a uni-directional coupler which can be used as part of a
diagnostic circuit. After the unidirectional coupler, two MW isolators, circulators
with one absorbing port, dissipate all the power reflected by the antenna. We use
two different kinds of antenna: the first, now removed from the setup but used until
recently, was an impedance matched dipole antenna that radiated ~ 90% of the
power and the other, currently in use, is a toroidal antenna that creates a field ~
3 times stronger than the dipole antenna at the atom position. The antennas are
located outside the vacuum chamber, about 12 cm away from the atoms. Figure
3.8 provides a schematic description of the setup. The MW field generated has
all three polarization components with the power distributed unevenly between the
different polarizations (figure 3.7). Measurements [32] based on the Rabi frequency
of the single photon transitions |F = 1,mp = —1) — |F =2, mp = —2,—1,0) show
Q_ =27 x 15.23(6) kHz for o_, Q, = 27 x 7.23(5) kHz for o, Q0 = 27 x 11.01(8)

kHz for 7, signaling a higher distribution of power in ¢~ and 7.
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Figure 3.8: MW setup scheme. The signal is produced by either the Agilent E8257 D
or the FSW-0010 synthesizers clocked by the OXCO quartz oscillator or the internal
clock (not shown) of the Agilent synthesizer. The signal from the reference oscillator
1s fed directly to the MW synthesizers. A switch then sends the signal to the 20 W
amplifier and, via components that assure no reflected power can harm the amplifier,
to a dipole antenna. A small part of the signal (= —20 dB) is sent to diagnostic

instruments for measurements.

3.3.3 Magnetic field calibration

In order to measure the magnitude of the magnetic field, we perform single photon
microwave spectroscopy. The idea is to transfer the atoms from the condensed state
|FF = 1,mp = —1) to one of the untrapped states |F = 2, mrp = —2,—1,0) via the
application of a MW pulse whose lengths ;s > (2 for the chosen transition. Typical
pulse length are ¢,,5. = 500 ps, corresponding to five full cycles for the o transition,
which has the smallest Rabi frequency. Then the MW field is switched off and the
atoms are held in the trap for .,y = 0.3 ms. During this holding time the Stern-
Gerlach effect separates the clouds, making it easy to measure the population of

outcoupled N relative to the total number of atoms N. By scanning the frequency of
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the MW field we obtain a Lorenzian shaped profile with the maximum corresponding
to the energy separation of the two coupled levels for the given magnetic field (see
figure 3.9). We want our magnetic field to be By ~ 3.229 G at the trap bottom
and this implies a separation between the Zeeman substates fp, ~ 2.26 MHz and
a MW resonant frequency fir =~ Apss + fB,- The widths of the Lorenzian profiles
are different for different polarizations and range from I'y =~ 10 kHz for o to
I'; =~ 20 kHz for m. The main reason for this width lies in the size of the cloud
and gravitational sag. In fact, because of gravitational sag the cloud does not sit in
the potential minimum, but sees a field gradient of dB/dz. Different sections of the
cloud experience different magnetic fields which cause different energy shifts. The
energy difference between the top and bottom of a 10° atoms BEC is ~ 18 kHz.
Other source of broadening are to be expected from motional effects (sloshing),

power broadening and magnetic field instabilities (e.g. stray fields).

3.4 Imaging

This section describes absorption imaging, the technique used in the experiment to
obtain information on cold atoms cloud. The laser used for imaging is a Toptica
DL100 locked to the transition F' = 2 — F’ = 3 using polarization spectroscopy.
The laser is controlled by MogLabs electronics and the detuning change by a double

pass AOM. The optical setup is described and the resolution is measured.

3.4.1 Absorption imaging

When an atomic cloud interacts with a laser beam of near-resonant light, it scatters
some of the light and creates a shadow in the beam that can be detected by a CCD
camera. This fluorescence problem can be simplified by approximating the cloud as

a two-level system and the laser beam as a monochromatic field. The approximation
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Figure 3.9: Microwave spectroscopy on the o© transition |F = 1,mp = —1) to

|F'=2,mp =0). The number of atoms leaving the trap after being transfered in the
untrapped state F' = 2 mp = 0) is measured and normalized over the total number of
atoms. A Lorentzian function is fitted (red line) and, after the application of Breit-
Rabi, equation(3.7), a magnetic field of 3.23 Gauss (left) and 1.5 Gauss (right) is
calculated. The slight asymmetry in the Lorentzian that can be observed for the lower
value of the magnetic field is due to gravity sag [55]. The width, taken as HWHM,
15 ~ 15 kHz

allows us to derive a set of optical Bloch equations [69, 80]

d Q. .

%pgg = Za(pge - peg) + I'pee

d 9 .

dgpPee = _ZE(Pge — Peg) = D'pee (3.39)
d r . ... Q

5iPse = —(5 +i8)Pge — i (pec = Pgg)

Where €2 is the resonant Rabi frequency, A is the detuning and I is the natural decay
rate of the excited state. Equations (3.39) make use of a master equation approach
to model spontaneous emission and are valid in the rotating wave approximation.
In addition, there is no decay due to collisions and the motion of the atoms has been
neglected. The steady state population of the excited state is [(9)]

(/1)

Pee = T 4(A/T) 1 2(Q/T)? (340)
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and the steady state photon scattering rate is

r (I/[sat)
R, = — 3.41
21+ 4(A/T)2 + (1) 1sat) ( )
with )
I Q ceo2h?
=2 = loyp = ——— 42
Lout (r) SVIERNTE (3-42)

From equation (3.42) it is clear that the saturation intensity depends on the po-
larization of the light € through the corresponding dipole interaction matrix ele-
ment. I = 1.67 mW/cm? [09] for pure o* light for the *'Rb 525 5(F, = 2) —
52Py5(F, = 3) cycling transition, while I, = 3.05 mW /cm? [69] for m polarization.
Using equation (3.41) we can define the scattering cross section, which is equal to

the power radiated by the atoms divided by the incident energy flux
o1y hwl

AR+ ) " 2 (343
The Beer-Lambert law for absorption
dl
% = n(m,y,z)o([) (344)
allow us to express the column density n(z), in the resonant case (A = 0) as [37]
1 [a S Iy, — [a S
n(z,y) = —In ( ’ ) 4+ g tabs (3.45)
0o [bg [sat

where I, is the intensity of the light collected on a frame without atoms, /. is the
intensity from the absorption frame. To measure I, we rewrite equation eq. (3.45)

as
Z Ibg(l - erno) = SatN - Isat Z no (346)

where the summation is done over the pixels of the frame. By varying the imaging
laser intensity I, and since the total number of atoms effectively present is inde-
pendent of I, and assumed to change only slightly from shot to shot, we obtain
a linear relationship between the atoms detected ) ny and I, whose slope is I,4.
The intensity is measured by the CCD as counts per pixel according to the following

formula

I hwk
qupsT

(3.47)
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where ¢ is the quatum efficiency of the camera, g is the gain of the camera amplifier,
k is the counts per pixel and A, is the effective pixel area. We obtain a value of
Lot = 8.4-10% £ 1.3 - 103 counts [35] for an effective pixel size of 4 ym, with the
uncertainty largely due to the instability in the atom number N (~ 10% variation).
In order to compensate for imperfect light polarization, Doppler shift due to photon
recoil and the presence of additional sublevels that might be populated, all factors
that influence the value of I, it is possible to replace in the previous equations I,
with I.¢s > I and oo with o.ff < 0¢ and adjust them such that the detected atom
number is independent of the imaging laser intensity. In order to reduce fringing
and laser light fluctuations which also affect atom number measurement we use a
Princeton ProEm 512 CCD camera that allows us to collect the absorption and
reference frame with a delay as small as 400 us by using a function called "kinetics
mode” by the producer. Kinetics mode essentially consist of masking half of the
sensitve area of the CCD chip, reducing it from 512 x 1040 active pixels to 512 x 520
and exploit the much faster transfer rate of the charge stored in the pixel compared
to the slow A/D conversion process. This way only the top half of the camera
is exposed to the laser beam, the signal then shifted to the masked region with a
shifting time of ~ 0.6 us per row, adding up to ~ 400 ps compared to the two second

usually required for a full readout.

3.4.2 Imaging System

We use two different lenses arrangements in our imaging setup. The first is a pair of
two back-to-back achromat lenses (Thorlabs AC508-150-B and AC508-500-B) with
focal lengths F; = 150 mm and F, = 500 mm and a diameter of 50 mm. The lenes
are positioned outside the vacuum chamber at a distance from the cloud which is
approximately equal to the first lens focal length. The CCD camera is placed on
a sliding support at the other lens focal point. The sliding support allows us to

compensate for imperfection in the positioning of the lenses, even though optimal
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focus is hard to achieve given the difficulty in positioning the first lens with respect
to the actual cloud. The theoretical magnification is M = Fy/F; = 3.3 giving a
theoretical effective pixel size of 16.3 = 4.8 um, where 16 pum is the physical size of a
pixel for a ProEm 512 CCD camera. The measured value of the effective pixel size,
obtained by dropping a cloud under gravity and fitting the position with a parabolic
dependence, is 4 um, giving an effective magnification of M.;; = 4. The Rayleigh

limited resolution of the system is given by

Ay
Orayleigh = 122? (348)

where A\ is the wavelength and D is the lens diameter. The diffraction limited
result for our case is 20,qy1eign = 9.72 pm but the real resolution is worse than
Orayleigh because part of the light is shadowed by the atom chip surface. The effective
resolution is obtained by measuring the Gaussian beam waist at the focal point. The
focal point is defined as the position of the CCD camera that minimizes the radial
FWHM of an imaged condensate of N ~ 10° atoms. The minimum FWHM obtained
is 27.2 pm, 4.75 times worse then the ideal case. The typical Thomas-Fermi radius
for N ~ 10° atoms trapped in our experimental conditions is ~ 5 um in the radial

and ~ 50 pym in the axial direction.
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Figure 3.10: Imaging system setup. Two achromatic doublets with focal length 150
mm in a 4f configuration capture the image of the shadow created by an atomic cloud
illuminated by laser light resonant with the transition F' =2 — F' = 3 of " Rb. The

image 1s then magnified by a microscope objective and focused on a CCD chip.

The second imaging setup, shown schematically in figure 3.10, uses two achromatic
doublets (LAP-150.0-30.0) with focal length 150 mm in a 4f configuration. This
configuration creates an image of the atom cloud with a 1:1 magnification. This
image is subsequently magnified by a microscope objective (x10 Olympus Aplanat)
and is focused on the CCD chip by a lens with focal length 200 mm. The nominal
magnification for the system is 10, but the measurements, performed with the same
technique described above, give a value 10.9, for an effective pixel size of 1.47 pm.
Typical images obtained with both configurations are shown in figure 3.11, along
with an image of the grating used to measure resolution for the configuration in-
volving the microscope objective. The resolution is measured first by imaging a
transmission grating with a 10 gm period and then fitting an Airy function to the
intensity distribution of a single slit giving a value ~ 4 ym. This is the best-case-
scenario resolution, since everything is aligned correctly and focused optimally. The
effective value obtained from the waist at the focal point of a Gaussian profile fitted

to the minimum radial width of the condensate gives a value of ~ 10 pm.
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Figure 3.11: BEC imaged with 10.9x magnification (left) and 3.3x (right). The
resolution is measured for the 10.9x system by fitting an Airy function to the inten-
sity distribution collected after imaging a transmission grating (bottom). The result

15 = 4pm.
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3.4.3 Dual state imaging, adiabatic passage

The imaging laser uses the cycling transition 525 o(F, = 2) — 52Psjo(F. = 3) ,
but we produce the condensate in |F' = 1,mrp = —1). To be imaged, the atoms
need to be transfered to the F' = 2 manifold. This can be done by applying the
repumper laser just before imaging the cloud. However the atoms will be scattered
across all the F' = 2 sub-levels and the recoil and heating associated with the absorp-
tion of photons from the repumper beam will affect the image. Additionally, when
imaging 2CBEC, since both components have almost the same magnetic moment,
they cannot be spatially separated using a Stern-Gerlach technique. Another way
of achieving the transfer relies on adiabatic passage [33]. This technique makes use
of the adiabatic theorem and the two-level crossing problem [39,90]. The two-level
crossing problem deals with the transition probability between two dressed states
|+), |—) in the presence of a time dependent detuning that passes through zero. Far
away from resonance the dressed states coincide with the bare states and the energy
difference is big (see figure 3.12). Approaching the resonance the energy difference
decreases and if the detuning is swept too quickly it is possible to end up with a

superposition of states. The key result is the Landau-Zener probability
02 dA
4\ dt
that directly links the transition probability P, with the rate of change in the

—27’I’FLZ

Pz =e Iz = = (3.49)

detuning A. In the experiment the detuning is controlled by the magnetic field
variation caused by the decay of current in the coils after switching off the current.
The MW frequency is kept constant and chosen to be resonant with one of the three
sub-levels |F' =2, mp = =2, mp = —1,mpr = 0) allowed by single photon transition
selection rules. It is applied for 2 ms, 5.7 ms after the current has been switched
off. The duration and the time of application has been experimentally found to
optimize the transfer efficiency. We can transfer atoms from |[F' = 1,m = —1) to
the desired final state with an efficiency up to 99% (the efficiency differs slightly

between transitions due to the different amplitude of the three polarization).
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Atoms adiabatically transferred from |F' = 1,mp = —1) receive a kick in the oppo-
site direction (or no kick at all) when subjected to a Stern-Gerlach sequence when
compared to atoms in |F' = 2, mp = +1) allowing for spatial separation of the two
components and simultaneous dual-state imaging of 2CBEC. Furthermore there is
no heating of the cloud and no blur associated with photon emission and recoil.
Experimental data showing the efficiency of the transfer for different durations of a
7 polarized microwave pulse and the width of the resonance are shown in figure 3.13.
The resonant frequency can be shifted by delaying the application of the microwave
pulse, which is equivalent, given the fact that the magnetic field is sweeping, to
a change in the relative energy of the two states coupled by the pulse (see figure
3.13). This was particularly relevant for the experiments where the FSW-0010 mi-
crowave synthesizer was used; in fact we had trouble setting a reliable frequency
jump between the optimal microwave frequency used during the experiment and the
optimal frequency for the adiabatic passage, forcing use to find the condition when

both frequency are equal.
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Figure 3.12: Adiabatic passage technique. The MW frequency is kept constant while
the magnetic field is swept through the resonance connecting |F = 1,mp = —1) to
|FF = 2,mp = —1), from a positive to a negative detuning (top). Satisfying the
condition for adiabatic transfer, equation (3.49), guarantees that the population is
transfered almost completely (center). Fach state is then separated using a Stern-

Gerlach kick and imaged simultaneously (bottom).
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Figure 3.13: (a) Adiabatic population transfer from |F = 1,mp = —1) to |F =
2,mp = —1) as a function of the duration of the MW pulse. After ~ 1ms the
transfer efficiency is around 99%. (b) Transfer efficiency as a function of MW
detuning, with fo = 6.8302 GHz. The transfer is robust against detuning, having a
width of about 200 kHz. (c¢) The frequency of the magnetic field resonant with the
transition can be changed by changing the waiting time between the beginning of the
magnetic field ramp and the microwave pulse. Blue points are measured after 1.2 ms

waiting, red points after 1.8 ms, yellow points after 1.4 ms and purple points after

1.5 ms.



CHAPTER 4

Quantum Noise

In this chapter we introduce the Bloch sphere, a useful tool for visualizing the
dynamics of a 2 level system. A description of Ramsey interferometry, a central
technique in most of our experiments, is provided in terms of Bloch vector evolution.
The final part of the chapter is devoted to an analysis of the major contribution of
phase noise, whose understanding is central to our experiments. A distinction is
made between quantum, mean field and technical factors affecting phase noise and

a description is provided for some relevant cases.

4.1 The Bloch sphere

The Bloch sphere formalism is a very convenient way of visualizing the dynamics
of a two level system. It is particularly powerful when used to describe Ramsey
interferometry, a technique often used in our BEC interferometry experiments. The
Bloch vector formalism is most easily derived for the case of a spin 1/2 system in a
magnetic field, but can be easily extended to include any two level system, most no-
tably a spinor condensate, coupled by electromagnetic radiation. The Hamiltonian

A

describing the interaction of a spin 1/2 particle with magnetic moment fi = —vS,



o4

Quantum Noise

where 7 is the gyromagnetic ratio and S is the spin operator, with a magnetic field
B is

Hp=—p-B (4.1)
By choosing as basis the states that have a well defined spin projection along the
z-axis, we can write [01] the spin operator § = /20, where o = [0,,0,,0.] is the
vector of Pauli-spin matrices. The density matrix for such a spin 1/2 system is a

2 x 2 matrix that can be written as

. 1+P, P,—iP,
p=5l+P-o)=7 (4.2)

P, +iP, 1—P,

where P = (P,, P, P,) is the Bloch vector with component defined by the expecta-

tion values of the spin operator through [92]

(3) =3 (4.3

as can be readily seen by remembering that the Pauli spin-matrices are traceless.

The length of the transverse component of the Bloch vector is a measure of the

h
V52 + 2= 5y/P2+ P2 = ilp (4.4)

while the length of the longitudinal component represents the difference of the pop-

coherence

ulations in the two spin states

S, =

N | St

h

o b= 5 (P11 — p22) (4.5)
The Bloch vector lies on the Bloch sphere (figure 4.1) only for pure states, since
|P| = 1, while for maximally mixed states the Bloch vector magnitude is equal to
zero. The equation of motion for the density matrix is given by the von Neumann
equation [93]

o
thop=[H,pl + Lp (4.6)
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where £ is the Liouvillian operator taking into account decay. The decay of P,
represents the relaxation of the system to the lowest energy configuration while the
decay of P, and P, represents decoherence. The most common source of decoherence
is entanglement with an unaccessible state, such as a heat bath. Decoherence short-
ens the magnitude of the Bloch vector. It is worth noting that both these processes
are negligible in our experiment. The superposition of states we create remains
coherent throughout the experiment since interaction with an external reservoir is
minimal and relaxation happens on much longer time scale than the one used in the
experiments due to the long lifetime of the state used. What we mean by decoher-
ence in this chapter is the spreading of the Bloch vector representing a many particle
system, not its reduction in magnitude. This spread reduces the averaged magnitude
of the total Bloch vector in a given direction, while keeping the magnitude of each
individual vector constant. As already mentioned the Bloch sphere can be used to

represent any state of a two-level system. Starting from a general two level state
) = 1) + 3[2) (4.7)
where o and (8 are complex numbers and remembering the normalization condition
lal* + 18" =1 (4.8)

we arrive, after switching to polar coordinates and considering symmetries, at the

form
0 i (0
|1) = cos 3 |1) + €'’ sin 3 12) (4.9)
Any two-component superposition can be written by choosing 6 € [0, 7), ¢ € [0, 27),

representing coordinates on the Bloch sphere with Bloch vector

cos(¢) sin(0)

P = sin(¢) sin(0) (4.10)

cos(0)
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However there is some ambiguity in the representation of two-level states with Bloch
vectors, which has the mathematical justification that rotations in a 2D complex
vector space contain a double representation of rotation in 3D real space. As a
consequence state [1)) and state —|¢)) have the same Bloch vector. The polar angle
f describes the population imbalance between the two states, while ¢ represents the
relative phase. If we consider the specific case of a two level system coupled by

electromagnetic radiation we have the Hamiltonian

H =

h A Q e*"‘f’
h (4.11)
2

Qe —A

and we can see that, in the case of strong coupling (2 > A), § = Qt, where 2 is
the Rabi frequency, ¢ is the phase of the pulse and d¢/dt = A.

Z

1)

A
[}
[}
[}

Figure 4.1: Bloch sphere and Bloch vector S representing a superposition of state |1)

and |2) characterized by the angles 0 and ¢.
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4.1.1 Ramsey interferometry

Ramsey interferometry [94] is the technique we use in experiments to study the evo-
lution of the relative phase of a thermal cloud or two-component BEC. The Ramsey
sequence starts with a § = 7/2 MW+RF pulse that creates a 50:50 superposition
of atoms in the two hyperfine states |F' = 1,m = —1), |F = 2,m = +1) and rotates
the Bloch vector from the north pole to the equatorial plane (figure 4.2). After an
evolution time ¢ a second 7/2 pulse is applied with a phase d¢ with respect to the
first and the relative atom number difference P, = (Ny— Ny)/(Ny+ Ny) is measured.
Ny and Nj are the numbers of atoms in state |[F' = 1,m = —1) and |F = 2,m = +1),
respectively. For a BEC we can express P, as

0 *
po—m ]2 (4.12)
f \If;\l’g + \Iﬁfllfl)d&f'

and we can obtain ¥; with GPE simulations. In the frame rotating with the atomic

transition frequency, the evolution operator is

COS (g) — i% sin (g) —ie*i‘z’g—R sin (g)

(4.13)

—iew% sin (g) cos (g) + i% sin (g)

where # = Qp -t and Qp = Q2 + A2, This operator, applied to |1), tells us
how our state changes with time under the influence of the radiation field. For a
0 = m/2 pulse we have a 50:50 superposition as mentioned above, while for a § = 7
pulse we have an inversion of the populations. Free evolution happens when Q = 0,
leaving only the terms on the main diagonal and causing the state to pick up a phase

proportional to the detuning. The Bloch vector representing a Ramsey sequence is
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given by
cos(d¢) cos(¢p — d¢) + sin(dg)

PRramsey = | sin(0¢) cos(¢ — 6¢) — cos(5¢) (4.14)

sin(¢ — 3)
where ¢ = At — 7/2 is the phase acquired during free evolution and d¢ is the
relative phase between the Ramsey pulses. The P, component of the Bloch vector
is proportional to the sine of the relative phase and an interference fringe can be
acquired by changing either the evolution time ¢ or the relative phase d¢ between
the pulses. Throughout this thesis, fringes acquired by changing the evolution time
are referred to as "Ramsey interference in time domain”, while fringes acquired by
changing the relative phase are called ” Ramsey interference in phase domain”. The
amplitude of these fringes is the vistbility and provides a measure of the coherence
of the system. Decoherence leads to a decrease of visibility over time, limiting the

duration of a Ramsey interference experiment.

V4 Z
(1) . 1)
12) 2)

Figure 4.2: Ramsey evolution illustrated on the Bloch sphere. Initially the atoms

VA Z
- 1)

H2)

are all in state |1) and a w/2 pulse (green arrow) brings the Bloch vector to the
equatorial plane. The system will then evolve for a time t, picking up a phase that
is read by the second /2 pulse.”Reading” has to be interpreted has transforming

relative phase into relative population.
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4.2 Decoherence factors in a Ramsey sequence

Different factors influence the interferometric contrast of a Ramsey interferometry.

These effects can be grouped into four categories:

Quantum effects arise from the full quantum treatment of the condensate and

are referred to as quantum notise. The most relevant for our experiment are:

e The standard quantum limit, related to the basic quantum principle
that a measurement can only provide a probability distribution. It is also
called qguantum projection noise, or shot noise, due to the similarity

of the fundamental noise found in lasers.

e Quantum phase diffusion reduces the visibility over time due to the
different evolution of the linear combination of Fock states that form a

BEC’s coherent state.

e Losses, through the fluctuation-dissipation theorem, force the phase to

diffuse over time.

Mean field effects are predicted by the semiclassical CGPE equations. Major

mean field effects are:

e Collisional shift generates a density dependent frequency shift that

translates into phase noise.

e Collective Oscillations, caused by the non-stationarity of the super-
position of states generated by the first Ramsey pulse. Therefore the
wave-function of each component starts to oscillate, trying to minimize

the energy, decreasing the overlapping and the visibility.

e Inhomogeneous phase growth. In a superfluid the gradient of the

relative phase is related to the relative velocity through

vi(r) = %ngi(r). (4.15)



60 Quantum Noise

the non stationarity of the superposition leads to inhomogeneous phase
growth reflecting the different velocities experienced by the components

during the evolution

Technical noise from equipment used in the experiment. The most relevant

sources are:

e Local oscillator instability of the clock synchronizing the MW and
RF generators

e Imaging laser instability affecting the total number of atom measured

e MW and RF power fluctuations modifying the Rabi frequency and

creating an imperfect initial split

e Magnetic noise fluctuation changing to first order the detuning of
the intermediate state in the two photon transition and to second order
the detuning between the states, since the experiment is performed in the

magic field B = 3.23 G. Magnetic noise can also displace the trap.

e Fluctuation in the current creating the trap which causes a shift
in the position of the trap and consequently influence the effective MW

and RF intensity experienced by the atoms.

Finite temperature effects from the interactions with non-condensed atoms.

4.2.1 Standard Quantum Limit

Applying a coherent coupling to a BEC of atoms initially all in the same state
|Wy) = |1, N) creates the coherent spin state [95] (figure 4.3)

N NI
BEDY ,/NI'N2‘c§V1c§2 | N1, Ny) (4.16)
= I\

10) (4.17)
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where ai and ag are the creation operators for state 1 and 2 respectively, ¢; and
co are complex coefficients and N; and Ny = N — N; are the expectation values
for the atom number in each state. Such a state is akin to the coherent state
originally introduced by Glauber [90] in the context of quantum optics and used
in laser theory. Coherent states are minimum uncertainty states [97] for which the

Heisenberg uncertainty principle reads
AZAP =1 (4.18)

A#? and Ag? are the variances of two conjugate operators (position and momentum
or, as in our case, atom number and phase). The quantum limited uncertainty for a
phase measurement is obtained from the Heisenberg uncertainty principle and from
the Poissionian variance of the atom number in a coherent state, AN? = (N) and
is equal to

Ap=—— (4.19)

§|2>

Figure 4.3: Coherent spin state representation on a Bloch sphere. The fuzzy black
circle represents the isotropic quantum noise in the x — y plane around the mean

spin S, oriented along the x-axis.
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4.2.2 Quantum phase diffusion

The initial state for our interferometry experiments is a coherent state that can be
written as a superposition of Fock states, equation (4.16). Each Fock state |N;, N;)
is an eigenstate of the Hamiltonian describing the dynamics of the system. The
Hamiltonian is determined by the interactions between the atoms, which in turn
depend on the operator 7;; that counts the atoms in each number state. From
this we can see that each Fock state forming our coherent state evolves in time
by picking up a phase proportional to its eigenvalue Er, which differs from state
to state. This leads to a diffusion of the phase in time [9%,99], with consequent
reduction of the visibility. This process is called ”phase collapse” and happens on
a characteristic time scale 7., after which the interference contrast is completely
lost [29]. However, after some additional time 7., the individual components re-
phase and the interference contrast can be (almost) completely recovered [16]. This
effect is called "revival”. Quantum phase diffusion can easily be visualized on the
Bloch sphere, figure 4.4, where the circularly distributed quantum noise typical of
a coherent state is distorted by nonlinear interactions proportional to xS? into an

ellipse of increased phase noise AS} [31].

4.2.3 Losses

The fluctuation-dissipation theorem establishes a link between quantum noise and

losses which can be described using a Markovian master equation of the form [99, 100]

dp i
pri p) + Zlis/d’r'£ (4.20)

where k4 is a coefficient characterizing the particular loss channel, the summation is
performed over the relevant loss channels and L[] is a Lindblad operator describing

local n-body collisional losses given by

L,[p] = 20,p0f — 010,p — pO10; (4.21)
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12)

|2)

Figure 4.4: Quantum phase diffusion illustrated using the Bloch sphere. A coherent
state, with minimum and isotropic uncertainty, gets deformed into an ellipse by
interactions. The state is effectively squeezed in the direction 6, but if the squeezed
part is not turned to align it with the z-axis, there will be no reduction AS,, only an

increase in AS,

with O, reservoir coupling operators given by
O,(¥) =[] ;(r) (4.22)
J

and the product is performed over the quantum state involved in the corresponding
loss channel. For the two-component BEC case relevant to our experiment the loss

operators are therefore
O111 = U%  (three-body losses) Oz = U2 (two-body losses) (4.23)

O1y = U%  (two-body iterspecies losses) (4.24)

In this derivation lost particles don’t interact with the BEC. Since particle number

must be conserved for massive particles at low energies, lost particles are transferred
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to different quantum states which are either expelled from the magnetic trap because
they are untrappable or because they have acquired enough kinetic energy in the
loss process to escape. The master equation is handled by the theory group at
Swinburne by using the Wigner distribution to get a Fokker-Planck equation which
in turn is transformed in a system of stochastic differential equations in either Ito or
Stratonovich form and solved numerically [I01]. Another way of modeling losses is
by treating them as quantum jump operators in the interaction picture, with a full
mathematical treatment provided in Ref. [13]. Each loss event therefore corresponds
to a sudden shift of a coherent state into another coherent state with reduced mean
atom number and phase proportional to both the time ¢; at which the loss event
took place and the mean field interaction experienced by the atoms at ¢;. This is
because the mean field interaction is equivalent to a detuning that causes the spin
vector to precess around the z-axis. Losses randomly remove particles from state
|1) or state |2) changing this detuning and causing the states to either lag behind

or be boosted forward in their rotation, introducing phase noise, Fig.4.5.

4.2.4 Collisional Shift

For ultracold gas the thermal de Broglie wavelength is greater than the scattering
length and interactions between atoms cause an energy shift. This phenomenon
is well known in atomic clocks and one of the fundamental reasons limiting their

performance. The frequency shift can be written as [28]

2h
Avyp = E(Oé22a22n2 + Q2a12n — Q1101171 — 0612a12712) (4-25)
where «;; is a coefficient which is 2 for non condensed atoms and 1 for a coherently
prepared two component BEC, a;; is the scattering length and n; is the density. From
the section on Ramsey interferometry we have seen that the frequency of Ramsey
fringes depends on the detuning. The collisional shift is density dependent and for

a cloud in an harmonic trap the density distribution can be considered Gaussian in
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Figure 4.5: Loss induced dephasing. A loss event associated with the removal of
particle from state |1) cause the phase to shift clockwise, while losses from state
|2) cause a counterclockwise phase shift. Averaging over all stochastic processes
leads to dephasing. The loss event are assumed symmetric for the purpose of this

representation. The z-projection is thus unaffected by losses.

the case of a thermal cloud or Thomas-Fermi for a BEC. Different part of the cloud

will therefore evolve with different frequencies causing decoherence.

4.2.5 Inhomogeneous phase growth

In a superfluid the gradient of the phase is related to the velocity via

v(r) = %ng(r) (4.26)
After evaporation a condensate lies in its ground state, which is a stationary state
with v(r) = 0. Hence the phase across the condensate is uniform. The application
of the coupling two-photon pulse and the creation of a two-component BEC leaves
the system in an excited state with a non-zero relative velocity and consequently a
nonuniform relative phase. The components, due to the effect of repulsive interac-

tion, start to oscillate in the trap with a characteristic frequency (for our conditions
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fe = 3Hz) with state |2) compressed in the center of the trap and state |1) squeezed
to the sides. After a time 7./2 the motion is reversed. The superfluidity of the
system should imply that this oscillatory motion will develop undamped, but the
presence of atomic loss actually dampens the oscillation. These dynamics predom-
inantly take place in the axial direction, due to the high energy required to create
an excitation in the radial direction. The motion in the radial direction can thus
be considered suppressed and the phase uniform. The relative velocity itself is
not constant, but has a complex spatial and time dependence that depends on the
details of the motion of each component in the harmonic potential. This time and
space dependence of the phase greatly contributes to the decrease in visibility [35].
The oscillatory nature of the motion means that after a full period, and in the
absence of other decoherence mechanism (i.e. losses), the interference contrast can
be completely recovered (see figure 4.6), giving rise to "revival” of coherence similar
to those described in the quantum phase diffusion section, but with a completely
different physical justification [102]. Furthermore, the visibility is influenced by the
spatial overlap of the wave functions of each component and as we have seen, this

imperfect overlap changes with time due to the collective oscillation.

4.2.6 Interaction with a thermal cloud

The interaction of the condensed part of a cloud with the non-condensed (thermal)
part has been shown to cause decoherence. Sinatra and Castin have calculated the
effect due to finite temperature [103] and have shown that the variance of the relative

phase grows in time according to
AP*(t) = A@E + Apt? (4.27)

where A¢Z is the variance associated with the initial state. Ar is a coefficient
that depends on temperature, interaction strength and number of atoms and, in

the thermodynamic limit, can be approximated at low temperature (kgT < ng)
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with [30]

87t a2 (kgT\? (kT \*
Apa~ o 25 (2B (2BL 4.2
T15V(ﬁ)<ng) (428)

where g = 4wh*a/m is the interaction coefficient, n is the BEC density, ¢ is the
healing length and V' is the volume occupied by the condensate. Usually the con-
densate we create are very pure with negligible thermal fraction for the first 200
ms of evolution. We might therefore neglect finite temperature effects for short
evolution times, but the contribution should be taken into account on longer time

scales.
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Figure 4.6: Simulated local spin projection p, = (ny — n1)/(n2 + ny) along the azial
direction obtained for N = 5-10* atoms and a detuning A = 27-15 Hz in the presence
(top) and absence (bottom) of losses. Equal values of p, represent identical values
of relative phase across the condensate. For the lossy case the visibility is at its
peak at the beginning of the evolution, decreases to a minimum after 170 ms, corre-
sponding to the maxzimum separation between the two components and then increases
without ever reaching the original peak value. In the absence of losses visibility is

fully recovered after ~ 350 ms, exhibiting an undamped periodic behavior.



CHAPTER 5

Coherence of thermal clouds and BEC,

Experimental results

The macroscopic quantum properties of BECs have been extensively studied in
the field of atom interferometry. Interference between condensates, either spatially
separated or in different quantum states have been used to perform very accurate
measurements and has the potential to be used to create a new generation of high
precision sensors. To improve the sensitivity of an interferometric measurement, high
particle numbers and long evolution times are important. Atoms, unlike photons,
can have strong interactions, leading to decoherence and limiting the timescale of the
measurements. Experiments in Swinburne [73,82,102] have achieved coherence time,
defined as the time at which the visibility maximum drops by 1/e, of 1.3 seconds for
a Ramsey sequence interferometry and 2.8 seconds for a spin-echo interferometry.
Simulation of the phase growth uncertainty [1], figure 5.1, obtained with a truncated
Wigner method, allows us to extrapolate a coherence time of 11 seconds when only
quantum noise is present. The dominant source of decoherence is thus technical
noise, mainly from local oscillator instability. For this reason we have upgraded
our system with a new, more stable, MW generator and a state of the art quartz

oscillator to synchronize the RF and MW generators used to produce the Ramsey
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pulses. In this chapter we provide evidence of the reduction of technical noise to
level below the quantum noise and we attempt to measure the coherence time of a

BEC of 3 -10* atoms.

——+ Wigner
—— Wigner + tech. noise
D4 T experiment

0.3
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Figure 5.1: Phase uncertainty evolution in a Ramsey interferometry. The black
bars represent experimental points. The red dashed line shows the growth of phase
uncertainty due to quantum noise simulated using truncated Winger method. The
solid blue line represents the sum of technical and quantum mnoise. The technical

noise clearly dominates over the quantum part. Adapted from Ref. [1]

5.1 Experimental sequence and fringe analysis

In this chapter we will be performing two types of experiments; the first is a phase
diffusion experiment using thermal atoms, designed to measure the classical noise
from our equipment and the second uses low atom number BEC and a much stabi-
lized setup to try to detect and quantify quantum contribution to the decoherence

of the condensate’s phase. Honours student Cambell Biggs participated in collecting
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measurements on the coherence of thermal clouds.

5.1.1 Phase diffusion experiments

To characterize the level of technical noise in our system we prepare noncondensed,
thermal atoms in the state |1) = |F = 1,mp = —1). We first trap ~ 5 - 10%
atoms in a mirror MOT in 12 s. After the MOT stage, atoms are transferred to a
CMOT created by passing a current in U-wire on the atom chip and by applying a
bias field. At this point the temperature of the cloud is Doppler limited at about
150 pK as measured from time of flight expansion. The cloud is further cooled
using polarization gradient cooling. To increase the efficiency of the polarization
gradient cooling we decrease the magnetic field to the point it only prevents atoms
from falling under gravity and we increase the trapping laser detuning. The result
is a cloud with a temperature of ~ 40uK. The atoms are then optically pumped
in the selected state |1) = |F = 1,mp = —1). Approximately 1 - 10® atoms are
then transfered to the magnetic trap. We use a magnetic trap with axial frequency
faz = 97.0 Hz and radial frequency f, ~ 11.7 Hz. The trapping frequencies have
been measured by applying a small current to one of the end wire on the atom chip,
thus slightly displacing the cloud, and then monitoring the dynamics (figure 5.2).
To reduce the number of particle from 1-10® to a value which varies between 10° to
2-10° we use an inefficient evaporation process that removes the atoms from the trap
without letting them rethermalize, thus preventing condensation. The trap bottom
is set to ~ 3.23 G to eliminate first order the Zeeman shift and provides first order
insensitivity to magnetic field fluctuations. A two-photon MW+RF pulse creates an
equal superposition of states [1) = |[F' = 1,my = —1) and |2) = |F = 2, m; = +1).
The length of the 7/2 pulse is 0.7 ms, giving a Rabi frequency 2 = 27 - 360 Hz.
The MW field is detuned by ~ 27 - 1 MHz from the intermediate, untrappable
state |F = 2, m; = 0) to avoid leakage. The RF is provided to the atoms through

one of the end-wires on the chip while the MW is radiated by a dipole antenna
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placed outside the vacuum chamber, approximately 12 cm away from the atoms.
The second Ramsey interrogation pulse is applied after an evolution time which
can be variable when performing time-domain Ramsey interferometry or fixed when
the interferometry is in the phase domain. In the phase domain it is the different
phase relationship between the pulses, created using a built in function of the MW
synthesizer, that generates the Ramsey fringe. After the second pulse the cloud is

released and imaged using the adiabatic passage technique described in chapter 3.

150 |
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Figure 5.2: Measurements of azial (left) and radial (right) oscillation frequencies
in a magnetic trap with 3.23 G trap bottom. We imparted momentum to the cloud by
moving it away from the minimum through the application of a short current pulse
in one of the unused end-wires on the surface of the atom chip, displacing it in the
axial and radial direction at the same time. The measured values are = 97.0 Hz in

the radial direction and ~ 11.7 Hz in the axial.

The relevant quantity measured in every iteration is the atom number difference
P, = (N3 — N1)/(Ny + Ns). For analyzing the data we use the simplified fitting
function

PN, t,A,6) = VN, 1) sin (AL + g + ) (5.1)

where V is the visibility, A is the effective detuning of the two-photon drive, ¢,,¢
is the mean field driven relative phase, and ¢,,, is the MW phase shift between
Ramsey pulses.For thermal atoms the mean field contribution is approximately linear

in the total particle number N and we rely solely on measurements to estimate it.
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Fluctuations in the atom number cause corresponding fluctuations in the value of
¢ms which appear as phase noise and can lead to apparent phase collapse. The
knowledge of the relation between atom number and accumulated phase allows us
to correct for fluctuations and achieve good interferometric contrast on timescales
otherwise inaccessible. The time dependence of the mean field driven relative phase
®ms implies that corrections are more precise for Ramsey interferometry in phase
domain, where the evolution time is kept constant. In the time domain we could
acquire the atom number dependence for each point of a Ramsey fringe, but such a

procedure is time consuming.
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Figure 5.3: Ramsey interferometry of a thermal cloud in phase domain after 500 ms
of evolution (a) and zero-crossing experiment at 500 ms (b). The fitted function of
the zero-crossing experiment is used to correct the points on the Ramsey fringe for
atom number fluctuations. The fringe fit error gives the phase STD o(¢). The phase
standard deviation can also be extracted from the zero-crossing data after correction.
Both measurements are significant for the correct recovery of the uncertainty of the

phase .

The correction for atom number variations is performed in a ”zero-crossing” exper-
iment. We first determine the value of the phase or the evolution time for which
P. =~ 0 and then we collect 10 to 20 points in this conditions. The zero-crossing is

chosen because the sensitivity of the phase to the variations in the atom number is
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maximal. The experimental points collected in zero-crossing experiments are fitted
with a linear function, the slope is extracted from the fit and the value obtained by
multiplying the slope by the total number of atoms measured for each point is sub-
tracted to the measured value of P,, thus correcting for atom number fluctuations.
The visibility V is defined as the amplitude of the sinusoidal fit, equation (5.5).
The fitting function takes into account phase noise by introducing an exponentially
decreasing visibility V. If we assume the noise from all technical sources to be
Gaussian distributed, which is acceptable for the central limit theorem, then the

visibility decreases according to

+oo 1 ¢? o2
V= / sin ¢ e 22 =e 2 (5.2)

o0 2o

where ¢ is the standard deviation obtained from the fit standard error. The phase
standard deviation can be obtained from a ”zero-crossing” experiment as well, using
the equation

¢(P,) = arcsin <%> (5.3)
and defining o = STD(¢(P,)). However, knowledge of the visibility is required and
a phase or time domain Ramsey sequence must be performed. From an operational
point of view, the extraction of phase uncertainty from a zero-crossing experiment
follows the idea that in the absence of all sources of noise the points acquired must
have the same value of P, = 0. Noise of all kinds displaces the points around
P, = 0. Atom number fluctuations can be corrected as mentioned above either
through simulations or through fit in the case of thermal atoms. The remaining

phase spread is defined as phase standard deviation o.

5.1.2 Quantum Decoherence of BEC experiments

For quantum decoherence experiments, the sequence is similar to the one described
in section 5.1.1 with the main difference that, to produce BEC, the evaporation

trajectory is optimized. The result is a pure condensate with the total atom number
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controllable from a minimum of 1.5 - 10* to a maximum of 10°. The observable
measured is again the normalized atom number difference P, = (No—Ny)/(N1+Na).

In a Ramsey sequence for a 2CBEC the atom number difference evolves as [32]
2 .
P.(N,t,A, ¢) = Im [el(‘“m) / xp;\yld?’r] (5.4)

depending on atom number N, time ¢, detuning A and MW phase ¢ of the second
Ramsey pulse and overlap between the two wavefunction ¥; and W,. Such a depen-
dence is complex and requires the solution of coupled Gross-Pitaevskii equations.

We can again use a simplified fitting function of the form
P,(N,t,A,¢) = V(N,t)sin (At + ¢ + @) (5.5)

and the agreement is good in phase domain for any evolution time, while in time

domain the agreement is good below 200ms (see figure 5.4).

0 50 100 150 200 250 300
time (ms)
Figure 5.4: Comparison between CGPE simulation including particle loss of a Ram-
sey experiment with N = 1.5 - 10° atoms, detuning A = 2w - 40 Hz (red solid line)
and the fitting function equation (5.5) (black dashed line). The analytical function
agrees well with the numerically calculated values within 200 ms. Notice the revival

starting at 240 ms which the simplyfied fitting model is unable to predict.

For a condensate the mean field phase ¢, is not linear anymore in N, but follows
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the relationship given by [102]
Oy = a(t)N?t (5.6)

where N is the number of atoms and «(t) is a time dependent coefficient which can
be measured or derived from simulations. The coefficient «(t) changes slowly with
time, allowing us to correct data in a 20 ms range using the same phase dependence

and introducing only a negligible error.

5.2 Phase diffusion, results

The results of previous experiments performed in Swinburne [73,82, 102] (see figure
5.1) have shown that the dominant source of phase diffusion comes from techni-
cal noise, most prominently phase instabilities in the MW generator and in the
local oscillator used to synchronize the MW and RF. We have switched from the
Agilent E8527D MW synthesizer originally used in the experiment performed by
Egorov [102] in 2011 to a more stable QuickSyn MW synthesizer FSW-0010 (Fig.3.8,
chapter3). The local oscillator used in previous experiments was the internal clock
of the Agilent E8257D. We have replaced it with an oven controlled crystal oscillator
OCXO 8607 made by Oscilloquartz. The experiments are performed using thermal
atoms to reduce the density dependent mean-field effects and achieve longer coher-
ence time. This in turn allows us to better isolate the contribution to phase noise
introduced by the different pieces of equipment used. Due to the absence of collective
oscillations and inhomogeneous phase growth [38], typical of superfluid systems, the
dephasing is slower and quantum dephasing [13] effects have negligible effects due
to the high particle numbers. Furthermore losses, a major source of dephasing, are

greatly suppressed by the reduced density.
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5.2.1 Phase diffusion with Agilent E8257D

As a starting point we decided to characterize the old setup used by Egorov [82].
This will serve as as a benchmark for comparison with the new configuration. The
Ramsey interferometry is performed in the phase domain, with the MW phase ¢ of
the second 7/2 pulse chosen to vary in a range from 0 to 2.

The Rabi frequency of the two-photon coupling is set to €2 = 27 - 700 Hz, the
same value as used in the original experiment [32]. The detuning is different, being
A = 27 - 20 Hz, compared to A = 27 - 37 Hz previously used. The particle number
is markedly higher, ranging from 2 - 10° to 4 - 105 compared to the 4 - 10* to 7 - 10*
obtained in 2011. Trap bottom is set to 3.23 G, giving a Zeeman splitting of ~ 2.26
MHz. The MW frequency is 6.8314 GHz, while the RF frequency is 3.248 MHz,
making the intermediate state |F' = 2, mp = 0) detuned by about 1 MHz. Data are
collected after ¢; = 100 ms and ¢, = 500 ms.

Figure 5.5 shows the results obtained from the experiments. The fitted visibility
at 100 ms is ¥V = 0.95 and decreases to V = 0.8 at 500 ms. The phase diffusion is
estimated in two ways: the first estimation is obtained by calculating the standard
deviation of the experimental points (corrected for atom number fluctuations) from
the sinusoidal fit, equation (5.5). The second estimation is based on the standard
deviation of the linear fit from the zero-crossing experiment, as shown in figure 5.3.
At 100 ms the value obtained from the fringe fitting STD is 0.0573 rad, very close to
0.0576 rad obtained from the zero-crossing. At 500 ms the uncertainty on the phase
is 0.2739 rad from the fitting STD and 0.2749 rad from the zero-crossing. The phase
uncertainty growth rate is 0.51 rad/s, a value remarkably similar to the 0.50(8) rad/s
previously measured. Furthermore, we recovered the linear time dependence of the
phase diffusion of noncondensed atoms already observed by Ivannikov in his work
on atom clock stability [73].

We then installed the OCXO 8607 oven controlled crystal oscillator by directly

connecting it to the reference input of the Agilent MW synthesizer, causing the
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Figure 5.5: Ramsey interferometry in phase domain (a,c) and zero-crossing ex-
periment (b,d) performed with Agilent E8257D and internal clock synchronization.
Black dots are experimental data points, the red solid line in (a,c) is a sinusoidal
fit using equation (5.5),(b) is a linear fit while (d is a sinusoidal fit due to the fact

that the experiment has not been performed ezxactly at the zero-crossing.)

generator to lock to the clock signal. We acquired an additional set of points at
evolution time ¢t; = 100 ms, ¢t = 300 ms and ¢; = 500 ms, displayed in figure 5.6.
The measurements shows a reduction of the phase growth rate from 0.51 rad/sec
to 0.4 rad/sec, a 20% decrease that we attribute to the higher stability of the lo-
cal oscillator. Table 5.1 provides the experimental findings for the two different

configurations.
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Agilent E8257D synchronized by internal clock

Time (ms) | Visibility V | o(¢) from fit (rad) | o(¢) zero-crossing (rad)

100 0.95 0.057 0.058

500 0.8 0.274 0.275

Phase uncertainty growth rate = 0.51 rad/sec

Agilent E8257D synchronized by OCXO

Time (ms) | Visibility V | o(¢) from fit (rad) | o(¢) zero-crossing (rad)

100 0.95 0.03 0.043
300 0.82 0.114 0.115
500 0.78 0.198 0.201

Phase uncertainty growth rate = 0.4 rad/sec

Table 5.1: Summary of the visibility and phase standard deviation measured in the

phase diffusion experiment with Agilent E8257D MW synthesizer.
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Figure 5.6: Ramsey interferometry in the phase domain (a,c,e) and zero-crossing
experiment (b,d,f) performed with Agilent E8257D and OCXO 8607 crystal oscil-
lator. Black dots are experimental data points, the red solid line in (a,c,e) is a

sinusoidal fit using equation (5.5) and in (b,d,f) is a linear fit.

5.2.2 Phase diffusion with QuickSyn MW synthesizer

To test the QuickSyn MW generator we performed a series of Ramsey interferometry
experiments in time domain. The time domain was somehow forced upon us by the

fact that the synthesizer could not be triggered to change the phase of the second
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7/2 pulse. Time domain is inherently easier to implement experimentally, since the
MW generator continuously produces a signal that is fed to the atoms when the
MW switch is triggered. No trigger is required for the MW generator. The results
of the experiment are presented in Figure 5.7 while the relevant quantity measured

can be found in Table 5.2.

QuickSyn synchronized by OCXO

Time (ms) | Visibility V | o(¢) from fit (rad) | o(¢) zero-crossing (rad)
100 0.91 0.003 0.01
500 0.72 0.08 0.07
700 0.72 0.058 0.06
1000 0.6 0.09 0.11

Phase uncertainty growth rate = 0.11 rad/sec

Table 5.2: Summary of the visibility and phase standard deviation measured in the
phase diffusion experiment with QuickSyn MW synthesizer and OXCO local oscilla-

tor.

It is immediately evident there is a drop by ~ 80% in the phase diffusion growth rate
when compared with the previously used setup, from 0.51 rad/sec to 0.11 rad/sec.
Figure 5.8 offers a summary of the phase noise measured for all the experiments
performed and a comparison to the quantum phase noise simulated with a truncated

Wigner approach for a BEC of 5 - 10? atoms [102]. Such quantum noise shouldn’t
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Figure 5.7: Ramsey interferometry fringes in time domain (a,c,e,g) and zero-
crossing experiment performed at t = 108 ms (b), t = 503 ms (d), t = 706 ms
(f), t = 1001 ms (h) with QuickSyn MW generator and OCXO local oscillator.
The evolution time is chosen to match the P, = 0 condition. The points in the zero-
crossing experiments follows an almost ideal linear dependence over a broad range of
atom number, while the sinusoidal fit is excellent for all times considered, indication

of very low phase instability.
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be considered indicative of the actual quantum noise present in the current set
of experiments. Since we are dealing with thermal atoms and with atom numbers
between 2-10° and 4-10° the real quantum noise in the experiment would necessarily
be smaller. Nevertheless it is possible to see how the improvement in the setup has
reduced the technical contribution to the phase growth to a level comparable, if
not smaller than the quantum noise in a BEC (Cf. with figure 5.1) . This will be
relevant in the other set of experiments performed in this chapter, for the estimation
of the coherence time of a BEC and the quantum phase noise measurements.

The linear dependence of the phase uncertainty on time, previously reported in
other Ramsey interferometry experiments for both thermal clouds and BEC [73,82],
is confirmed by the current observations. The error bars represents the statistical
uncertainty on o(¢) and are calculated as Ac(¢) = o(¢)/v/M, where M is the
number of experimental realizations for each data point, ranging from M=20 to
M=30.

We can define an amplitude coherence time 7,,,, at which the visibility drops by
1/e. The value, obtained from the exponential fit of the visibility decrease in figure
5.9 is

Tamp = 1158 (5.7)

The phase coherence time 7., defined as the time at which the phase becomes
random, can be obtained from equation (5.2) by defining o(¢) = (-t, where (3 is the
phase diffusion growth rate, observed to be linear in time. In other words, we define
the coherence time 7., as the time at which o(¢) = V2. The calculated value for a

Ramsey sequence with QuickSyn synthesizer is

Toon = 12.9 (5.8)
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Figure 5.8: Phase diffusion growth rate for a Ramsey interferometry with thermal
atoms. The experimental points obtained using QuickSyn MW generator and OCXO
local oscillator (red dots), Agilent E8257D and OCXO (purple dots), Agilent
E8257D and internal clock 2015 (green dots) and Agilent E8257D and internal
clock [102] (black dots) are displayed. The lines are linear fits for these points,
except the blue dashed line that represents quantum noise simulated with truncated
Wigner method for a BEC of 5-10* atoms. The phase noise measured with QuickSyn
MW generator and OCXO lies below quantum noise.

5.2.3 Inhomogenous dephasing and identical spin rotation

effect

In this section we will calculate the contribution to the decoherence due to inho-
mogeneous dephasing. Inhomogeneous dephasing occurs because trapped atoms
experience an inhomogeneous shift A(r) of the transition frequency due to com-
bined contributions of the trapping potential and atomic interactions. Since differ-

ent atoms explore different regions, they experience different frequency shifts and

therefore their spins precess at different speeds, therefore causing dephasing at a
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Figure 5.9: Ramsey interferometry for long evolution times. The black line is an
exponential envelope modeling the wvisibility decay, the red line is a sinusoidal fit
almost perfectly following the experimental points (black dots). The frequency of a
Ramsey fringe is framsey = 100.2 Hz. From the exponential envelope an amplitude

coherence time of 11.53 s is extracted.

rate characterized by an average inhomogeneity Ag give by [33, 81, 104]

2v/2h
m

A0/27T = (CLH - agg)ﬁ (59)

where n is the average density. The average density can be estimated, assuming
normal distribution of n, from the peak density using n = n,.q/8, and the peak
density can be estimated from the total atom number, the trap frequencies and the

temperature with [19)]
N o kT

pea 3/242 i 2
(27m)3/2020, mw;

(5.10)

Typical values of the temperature T in our experiment range from 250 to 350 nK,
while N ~ 10°, w, = 27 - 11.7 Hz and w, = 27 - 97 Hz. These values give a
Npeak = 1.5 10" atom/cm?® and consequently a n &~ 0.5-10'? atom/cm?® . From this
we get Ag = 27 - 0.2 Hz and we can extract the coherence time, in a way similar to

equation 5.2, by setting o = Ayt
V= e 882 = o8 (5.11)

leading to
~1.1s (5.12)

T0 —

V2
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Such a short coherence time comes as a surprise, but it is important to note that we
are in a regime where the identical spin rotation effect (ISRE) [33, 105, 106] occurs.
The identical spin rotation effect can be explained by dividing the atoms in two
classes having different spin precession rates around the z-axis: the fast and the
slow class. An atom is placed in the fast or slow class based on the average detuning
experienced. Due to the different precession rates the two classes start to dephase.
The ISRE cause the two spin polarizations to rotate around their sum, allowing the
slow class to switch place with the fast class. The two polarizations, now swapped,
continue to precess at the same speed, thus leading to rephasing. It is important
to note that the ISRE does not change the sum of the polarization which will stay
on the equatorial plane for an equal superposition. The ISRE will occur with the
frequency

(JJ[SRE/Q’/T = 2h|a12]ﬁ/m ~ 4 Hz (513)
which is larger than Ay and the lateral elastic collision rate

32
Yo = g/%aifwT (5.14)

where vy = \/m, is much smaller than w;sre and the trap frequencies. The
ISRE effect is responsible for a dramatic increase in coherence time. A remark
should be made on the fact that an additional source of loss of contrast is due to
asymmetric losses that remove atoms predominantly from state |2). For this reason
estimates of the coherence time solely based on the contrast drop do not completely
describe the coherence property of the ensemble, and zero-crossing measurements

based on the spread are a nice complement.

5.2.4 Other sources of technical noise

Instability of the local oscillator and shot to shot fluctuations of the microwave and
radio frequency generator’s phase are not the only sources of technical noise. For

this reason we will briefly describe other effects that affect phase uncertainty.
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Imperfect preparation pulse

Fluctuations in the MW or RF power cause corresponding fluctuations in the AC
Stark shift, with slightly different Rabi frequencies 2. This in turn will not lead
to a perfect 7/2 pulse and the Bloch vector will not lie on the equatorial plane.
Fluctuations in the magnetic fields change the detuning of the MW field from the
intermediate level of the two-photon transition to first order, causing the similar

effects. The variance of P, can be calculated using [107]

o (Y () (Y e

where €2 is the two-photon Rabi frequency, 0 P are the fluctuations in MW power,

0A are the fluctuations in detuning A and P, can be expressed in terms of A and
Q) as
P, =a*+ (1 — o) sin(|A|T + ) (5.16)

with

(A2 + cos(2y/T+ (AT/Q)? (517
(1A]/92)* +1 '
R ( 1+ 2(|Al/9)?] cos(/T + (JA[/Q)2 - 1) + 1 ) (5.18)
2|A1/Q/ 1+ (JA]/Q)?sin(2y/1 + (|A]/Q2)? - 1)

In Figure 5.10 we can see a set of points showing the stability of a preparation pulse
of length 0.7 ms, Rabi frequency 2 = 27 - 360 Hz, intermediate detuning A ~ 27 -1
MHz. The preparation pulse is stable within 1.6%. Measurements on the magnetic
field performed with a FluxGate magnetometer show fluctuation of the magnetic
field in the 15 mG range. This accounts for ~ 1% of the uncertainty in P,, with the
remaining 0.6% due to power fluctuations. The uncertainty in relative population

translates into frequency uncertainty through the collisional shift

2h
Avyg = En@@m — 11 — G22)U(Pz) (5-19)
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Figure 5.10: Preparation pulse uncertainty for a two-photon transition at 3.23 G
with QuickSyn MW synthesizer. The standard deviation is o(P.) = 0.016. The
red line represents the average, (P,) = 0.025. The upward trend has already been
observed in Allan deviation measurements performed at Swinburne by Ivannikov et

al. The source has been identified in random walk frequency noise [77]

where n is the peak atomic density, typically ~ 2-10'2 cm™ and o(P,) = 0.016 from
previous considerations. After substitution in equation (5.19) we obtain Avyy =

—0.34 mHz and a contribution to the phase uncertainty growth of 0.002 rad/s.

Imaging noise

The relevant informations extracted in the experiment are obtained from absorption
imaging. In the experiment we collect two consecutive images on a CCD camera,
one containing the shadow cast by the atoms and the other in the absence of them.
The two images are then subtracted and the atom number per pixel follows the

formula [107]

Ny = ¢ (L < 4 - ef) (5.20)

€ €sat
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where ¢y = 2mP%/(3\2M?), P is the pixel area, M is the magnification, ey is
the electron count corresponding to Iy = 1.67mW em ™2, L = (4A% +T1?)/T? which
depends on the detuning and the natural linewidth of the transition used for imaging
and e; ¢ are the electron counts per pixel for the first and second image, respectively.
The electron counts per pixel depends on the intensity of the incident laser light

through

eif = L (5.21)
where 7 is the quantum efficiency of the CCD camera, 7 is the exposure time and
hw is the energy per photon. The intensity of a laser is not constant, but follows
a Poissonian distribution. Consequently the detected atom number will fluctuate
with an uncertainty [107]

o(N) = ¢ Z[ef(l +£)2+ei( ! +€£i>2

€sat € €sat
px

(5.22)

and the summation is performed over all the pixels. Egorov has characterized this
uncertainty [$2] and found that it accounts for 2% of the measured atom number.

The corresponding frequency shift is

2h
AV12 = ETL(CLQQ - CLH)O'(N) (523)

which gives a contribution of -15 mHz and leads to a phase growth of 0.09 rad/sec.
From this consideration it seems that with the new MW synthesizer the phase

diffusion is mostly due to imaging laser shot noise.

5.3 Quantum decoherence of a BEC

In the previous section we have demonstrated the reduction of the phase diffusion
from 0.51 rad/s to 0.11 rad/s. Usign the new MW generator this value is below
the quantum phase growth for a BEC of ~ 5.5 - 10* atoms. We perform Ramsey
interferometry experiments with pure condensates with a nearly absent thermal frac-

tion. This makes decoherence through interaction with a thermal cloud a negligible
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process. The particle number is kept low, below ~ 3 - 10* atoms, half of the value
used in previous experiments in Swinburne [102], further increasing the contribution
of quantum noise to phase diffusion when compared with the simulations in figure
5.1 (quantum contributions to the phase uncertainty scale as 1/+/N).Reduction of
the number of atoms has the additional benefit of minimizing the density dependent
mean field contributions, making data correction easier. The aim is to observe an
increased coherence time when compared to 1.3 seconds previously obtained and to

characterize the effect of quantum noise sources on phase diffusion.

5.3.1 Ramsey interferometry with BEC

This set of experiments follows the same procedure and is performed in the same
conditions as those with thermal atoms. The only difference lies in the fact the we
are preparing between 1 -10* and 4 - 10* condensed atoms, with negligible thermal
fraction. Information on visibility and phase diffusion are obtained by directly com-
paring the results of GPE equations to our data points or through fitting with the

simplified function
P,(N,t,A,¢) = V(N,t)sin (At + a(t)N?/°t + ) (5.24)

where a(t)N?/°t is the mean field contribution the phase. The coefficient a(t) is
estimated by fitting equation (5.24) to points obtained with GPE simulation of a
50/50 Ramsey sequence at different times and for different total atom number N,
keeping only a as a free parameter. Figure 5.11 shows such a fit and we can see
that the fitting function, equation 5.24, closely follows the simulations, with some
discrepancy for 8 - 10* at 100 ms, but we do not have that many particles in the
experiment. In the range 1 - 10 to 4 - 10 the matching is almost perfect. The
detuning in the simulation is set at A = 0. «(t) is slowly varying with time and
for ¢ = 20 ms we have a = 0.75, at t = 100 ms « increases to 0.91 and then grows
very slowly with e = 1.04 at 400 ms. The knowledge of a(t) allows us to correct for

atom number fluctuations in the same way we did for thermal atoms.
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While running experiments with BEC we were plagued by technical problems whose
origin is not completely understood. As can be seen form figure 5.12 and 5.13 the
experimental points follow the simulations very well for the first 50 ms, but after
that the points starts to depart from the expected behavior and become highly ran-
domized around 100 ms. The experimental data only get worst at longer evolution
times, where the data points have a random distribution in atom number in zero-
crossing experiments (figure 5.14) and at 400 ms the visibility is only 0.2, while
from GPE simulations it should be 0.7, since it is very close to the maximum of
the revival, which happens after a full period of collective oscillations, 0.39 s for the

present experiment.
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Figure 5.11: GPE simulations including losses of Ramsey sequences with variable
atom number for (top) 20 ms and (bottom) 100 ms evolution time. The red line

is a fit to the simulated points using equation (5.24).
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Figure 5.12: Ramsey evolution in time domain for a BEC. The black dots are ex-
perimental points corrected for atom number fluctuations and the red line is a GPE
simulation for A = 120 Hz and N = 3-10* atoms. The points follow the simulation

almost perfectly until 50 ms, where they start to deviate.

Time (ms)

Figure 5.13: Ramsey interferometry in time domain fitted with the simplified fitting
function, equation (5.24) (red line). The detuning is A = 46 Hz and points are
corrected for fluctuations in atom number. The same trend as in figure 5.12 is
wisible, with the points deviating around t = 50 ms and becoming randomized around

t = 100 ms.
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Figure 5.14: Ramsey interferometry in time domain (a,c) and zero crossing experi-
ments in the atom number domain (b,d) with condensed atoms. The visibility in (a)
1s 0.3, matching the predicted visibility in GPE simulation since 180 ms correspond
to the mazimum separation of the clouds under collective motion and maximally
non-uniform relative phase (see chapter 4, section /.2.5). In (¢) the visibility is only
0.2, much less then the expected 0.7 and the sinusoidal fit is very poor, clear sign of
rapid dephasing. The points in the zero-crossing experiments are highly randomized,

preventing fitting.

The most likely cause of instability in our system is related to the fact that the
MW synthesizer and the RF generator, which are both directly connected to the
local oscillator, cannot reliably lock on its signal. They stay locked for a while, and
then they randomly jump to a different phase. This can be inferred from figure 5.15
where points where taken consecutively in a zero-crossing experiment with BEC at
100 ms. It can be seen that the points follow an almost straight line, expected after

correction, and then they suddenly jump to a different value of P, while retaining a
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similar slope.

N (X10%)

Figure 5.15: Zero-crossing experiment in the atom number domain showing a sudden
phase jump. The inability of the generators to lock on the local oscillator might be
a possible explanation for the quick dephasing rate experienced in the BEC experi-

ments.

In order to isolate the origin of the problem we have performed phase diffusion
experiment with thermal atoms and different combinations of MW synthesizer and
local oscillator. The result are summarized in figure 5.16 and show an increase in
phase growth rate of ~ 2.7 times compared to our original setup, independent of
the particular MW generator, RF generator or local oscillator used. This is rather
disconcerting, because it points in the direction of something shared by all the
configuration, which can be the MW amplifier or the MW switch, with the additional
complication that the problem might lie in the way trigger pulses are generated
(Labview control software) or distributed (National Instrument board). The current
state of the system makes further progress impossible and the investigation of this

issue is of primary importance.
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Figure 5.16: Phase evolution with thermal cloud in the current state of the system.
The linear fit for the points (black dashed line) gives a phase diffusion growth rate
of 1.36 rad/s, 2.7 times the original setup (green dashed line) and 12.4 times the
improved setup (red dashed line). Furthermore there is a constant phase spread

at small evolution times, absent in the previous measurements.

5.4 Conclusion

In this chapter we initially described the improved a setup that reduces technical
noise below the quantum limit previously estimated by Egorov et al [102]. The
coherence time of a thermal cloud in a Ramsey interferometer has been extended
to 12 seconds. Then we moved to measure the quantum contribution to phase
diffusion in BEC, but we were hampered by a technical problem that caused our
system to decohere three times faster than observed with the old, non improved
setup. The explanation for such poor performance still eludes us, even though
we have performed extensive testing on all the components that could be isolated.

Unfortunately the setup is complex and some components cannot be easily isolated.

Sometimes the only way to test if they are working or not is by replacing them.
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Budget considerations have prevented us from replacing key components that might
have been responsible for the accelerate dephasing and as it stands, the system is

unable to perform Ramsey interferometry on time scale longer than 50 ms.



CHAPTER 6

Rephasing dynamics of a bosonic Josephson

junction

Josephson junctions are interacting quantum systems composed of two weakly cou-
pled, macroscopic quantum states. They were first realized in the context of super-
conductivity, when two superconductors are separated by a thin insulating barrier
and the electrons are allowed to tunnel across it. Josephson predicted [108] in 1962
that such system will develop a nondissipative current whose value depends on the
relative phase of the order parameter describing each superconductor through the

relation

1(¢) = Lsin(g) (6.1)

where [ is the critical current and ¢ is the relative phase, with each superconductor’s
phase 6(r) assumed to be approximately uniform. This effect is called the direct
current Josephson effect and differs from the alternating current Josephson effect
which arises when a nonzero chemical potential difference p = puo — pq is present,

causing the phase to rotate as [103]
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% - —% (6.2)
and creating an oscillating current across the junction. The Josephson relations
apply to any pair of weakly coupled quantum systems that can be described by
macroscopic wave functions [109]. BECs are among these systems, since they can
be described by the complex order parameter W(r) = mei¢.

Bosonic Josephson junctions (BJJ) can be experimentally made by spatially sep-
arating the condensate in a double well potential with the coupling provided by
tunneling. The coupling strength controlled by the height of the potential barrier
between the wells. This type of junction is called an external BJJ. Another way
to create a BJJ is to have condensed atoms sharing the same trap, but being in
different internal states. This is the path we follow at Swinburne and, since we
populate the hyperfine states [F = 1,m = —1) and |F = 2,m = +1) of ¥Rb , the
coupling is provided by MW fields. These junctions are called internal BJJ.

When an external BJJ is subjected to a quantum quench, these systems are expected
to show "rephasing” dynamics, first predicted by DallaTorre et al [2]. In other words,
initially independent, phase incoherent condensates will develop a well defined phase
relationship, present at all time scales, through the combined effect of the atomic
interactions and the tunneling coupling. This effect is also expected to be universal,
with the strength of the quench only affecting the time scale but ultimately leading
to the same outcome. In this chapter we describe both the external and internal
Josephson junction and give a description of the condition under which the rephasing

effect is expected to take place.

6.1 Double well Josephson junctions

A full quantum description of a double well Josephson junction can be given in

a two-mode approximation [110, 111]. Such a description is accurate at very low
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temperature due to the small separation between the ground and first excited state
of the double well, which are almost degenerate in the weak interaction case, and the
much bigger separation between the first and second excited states, greatly reducing
the probability for these states to be populated. The field operator can be written

as a superposition of these two states [112]

A

U = a,®,(r) + G.Du(r) (6.3)

where ®,(r) and ®.(r) are mean field spatial modes obtainable using GPE equation,
Eq. 2.3, a, and a. are the annihilation operators for a particle in the ground and
excited state respectively. Due to the symmetry of the problem, a more convenient
basis to describe the system uses the states for which the populations are sharply
peaked on the right or left well. Annihilation operators aj and ag for the left and
right side of the well are related to the previously defined ground and excited state

annihilation operators by

. r .. .
ar = —(Clg + (Ze) arp =

V2

and the field operator in the new basis becomes

i (6.4)

~ 1 . R B i
b= ol )+ an(® — B)] = (0 + ) (6.5)

The Hamiltonian for a system of N bosons, trapped in a double well potential and

with contact interactions can be written as
: T S S L T AR er
H= [ dr —Z—\DV\IH—\I! VDW\I/+§\IJ\IJ\II\I! (6.6)
m

where g is the interaction constant g = 47h®a/m, a is the s-wave scattering length
and Vpw is a double well potential. For the case of Oberthaler’s first realization of

a double well Josephson junction the confining potential was [113]

1 1% 2
Vow = §m(wix2 +wly? + w2?) + ?0 (1 + cos g:p) (6.7)
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After the substitution of equation (6.5) in equation (6.7) we obtain the two mode

Hamiltonian [!12]
- E,. .. o B .. o oF .. o
Hs,, = g(aga}z — azaL)z - W](QEGR + a}iaL) + T(aEaR + aEaL)2 (6.8)
given the parameters
N N(N +1)
Fo=Spe  By=olte — ) = 5 (e = tigy) (6.9)
e.e 2 e
5E:RM+%4 g md:g/ﬁﬂgﬁwﬁ (6.10)
h2
,ug,e = /dr (—%@976V2¢g73 + Cbgﬁ(VDW + gN|<1>g,e|2)<I>g7e) (611)

with the term proportional to E. taking into account interaction within each well,
the term in F; describing tunneling between the two wells and the term in 0F
representing additional two particle processes. By neglecting the term in 0F we

arrive at the Bose-Hubbard Hamiltonian [112]

. E.
mm:7ﬁ—@@ (6.12)

where

n =

(6.13)

is the population imbalance operator, divided by two since a particle jumping from
one side to the other of a double well changes the population by two and
abar +alag

o = 9

(6.14)

is the tunneling operator. The mean value of the tunneling operator corresponds
to the first order spatial coherence function g* (v, 7’) and measures the visibility of
the fringes obtained when the condensates are released from their traps. Depend-
ing on the ratio between the tunneling and the interaction energy E./E; [111] the
ground state of the Bose-Hubbard Hamiltonian can be described by three different

regimes [1 15, 110]:
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Rabi regime for E./E; < N2, corresponds to the non-interacting regime,
where Rabi-like oscillations are driven due to the coupling provided by tun-

neling. The coherence is high and a relative phase can be defined.

Josephson regime for N2 <« E./E; < 1, is the regime we are most inter-
ested in, characterized by small fluctuations in the atom numbers leading to
Josephson-like oscillations of the population imbalance. The coherence is still

high, allowing for the definition of a relative phase like in the Rabi case.

Fock Regime for 1 < E./E;, the system is described by states with a well
defined atom number in each well, the coherence vanishes and the phase is
undefined. The phase is undefined in the sense that interference patterns can
still be observed but the patterns are changing from realization to realization
in the same conditions. The states show no temporal evolution and if the
initial state has been prepared with a population imbalance, that imbalance
will remain constant. The Fock regime is therefore not compatible with the
idea of "a single condensate in a double well”, but corresponds to two inde-
pendent condensates on each side of the well. This case is called a fragmented

state [117].

A mean field description of the system is possible for large atom numbers by replacing
the creation and annihilation operators in equation (6.7) with complex numbers
according to the Bogoliubov prescription [115] Gy, g = /Ny z(t)e#®) and complex
conjugate for the creation operator. The mean field Hamiltonian reads

E. 4n?
Hyr = = = Ej\[1 - Y cos ¢ (6.15)

where n = (Nr — Np)/2 is the population imbalance and ¢ = ¢r — ¢, is the relative

phase. The equation of motion are [111]

dn 10H E; 4n? |
i aj\;F :—# l—msmaﬁ (6.16)
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1
dp  10Hur FE. E4n n?

g _ _1 S L Y S 1
T e L A NE N | 0080 (6.17)

The quantities n and ¢ are canonically conjugate variables and the dynamics cor-
respond to that of a nonrigid pendulum with length proportional to the population
imbalance. When n = 0 and ¢ = 2mm, with m integer, the system is in the
ground state and does not change. For a small population imbalance nZ < N2
corresponding to a small initial kick given to the pendulum, or for an initial phase
sin ¢g =~ ¢g, corresponding to a small displacement from the ground state position,
the equations of motion become

and current will start to flow across the barrier and the population imbalance will

display harmonic (Josephson) oscillations given by
n(t) = ngsin(wyt + ¢o) (6.19)
where w), is the characteristic plasma frequency

1 Yy

If the initial population imbalance is large enough, so that the kick given to our

nonrigid pendulum is able to swing it over the vertical position, the mean population

imbalance will be different from zero. The critical value of the initial imbalance is

E; 4F;
ne = 2\/Ej (1 -5 ) (6.21)

and above n. the condensate enters the macroscopic self trapping regime [115], a

therefore given by

state ultimately caused by particle self-interaction. The non rigidity of the pendulum
allows for oscillations to be found for small amplitude around ¢ = (2m + 1)7, a

condition unstable in a rigid pendulum.
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6.2 Two component Josephson junction

The internal state evolution of a 2CBEC can be described in Bloch vector notation

using the one-axis twisting Hamiltonian [119]

~

H N N ~
7 =05, + QSy + ng (6-22)

where Sy = cos(6)S, — sin(h)S, and S,, S,, S are the spin operator components,

defined in second quantization as

L1 e L ot oo 1 pid, — Gt
S =3 /d37‘(\I/£\IJ1 +Ul,) S, = §/d37“(‘1’£‘111 — Uiy
Lo (6.23)
SZ = 5 d T(‘IJQ\IJQ - \II]_\Ill)

where W; = W;(r) is the bosonic annihilation operator for an atom in state |i) at
position 7. It follows that ¥y (r) = ayvo(r) and Wa(r) = aoths(r), where a; and
a5 are bosonic annihilation operators and () and 1y(r) are solution to the GPE
equation. The first term in equation(6.22) describes spin precession around the z-
axis at the detuning 0 = wy; — wy, wyg being the frequency of a two photon driving
pulse and wy being the frequency separation of the hyperfine states. The second
term describes spin rotations around an axis forming an angle 6 with the x-axis at a
frequency 2. It is straightforward to identify €2 with the Rabi frequency and 6 with
the phase of the two photon coupling. The last, nonlinear term in SZ, with strength
X, is due to elastic collision and twists the states on the Bloch sphere around the
z-axis with direction and speed of rotation dependent of the state’s distance with
respect to the equatorial plane. This term is central in the understanding of the
rephasing dynamics we want to observe and will be discussed in the next section.
The 2CBEC Hamiltonian can be rewritten in a form similar to equation (6.15),
thus highlighting the similarities between a two component BEC and a double well
Josephson junction [120]. By noting that
N2

S§+S§:SQ—S§:T—S§ (6.24)
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where S = Zjv s; is the total spin of the system and N is the total number of atoms

and
N 452 Ny — Ny
ng; 1—N2 cos ¢ SZZT:n O = ¢y — Py (6.25)

with ¢ the relative phase and n the population imbalance defined in the previous

section. The Hamiltonian (6.22), after the substitution of equation (6.24) and (6.25)

becomes
N 45?2
Hj; = on — QE l- =5 cos ¢ + xn? (6.26)

which, for § = 0 is nearly identical to the Hamiltonian of a double well Josephson
Junction. Following the same procedure used in the section on double-well Josephson
junctions we can write Hamilton’s equation for the time evolution of the conjugate

variables n and ¢ [50)]

dn OH; QN 4n?
d OH;; 40
d_f =i o+ = — cos ¢ (6.28)
NyJ1— 42

The set of equations (6.27)-(6.28) is exactly the same as for the double well, equations
(6.16)-(6.17).

6.3 Universal rephasing dynamics in a quenched

Josephson junction

Dalla Torre et al, in their 2013 paper [2], have studied the dynamics of a quantum
quench where two initially independent condensates are suddenly coupled. They
predicted that the time evolution of physical observables of the system, in the limit

of weak coupling, follows a universal scaling law of the form [2]

C(t) = (%)nR(At) (6.29)
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where C(t) is a generic observable, 7 is the scaling dimension corresponding to the
observable C(t), R(At) is a scaling function, p is the chemical potential and A
is the size of the gap opened by the quench in an otherwise gapless Hamiltonian.
In this section we will briefly review their findings, with particular attention on
the coherence factor (cos¢) as the relevant observable. As we will see, the effect
of the quench will be to "rephase”, or force coherence in the initially incoherent
independent condensates. The coherence factor is expected to follow the scaling
law, equation (6.29), at both short and long evolution time, providing a way to
link short-time dynamics, that can be found by perturbing steady state solution,
to long time dynamics, where perturbation theory does not apply. The original
proposal focused on two condensates trapped in a double well potential, coupled by
tunneling. The potential barrier separating each side of the well is initially kept high,
the coupling is negligible and the Hamiltonian describes two individual condensates

H(t) = %((mf + 6n2) (6.30)

where 0nq 9 = \IILQ\I/LQ — N/2, with U, 5 being the bosonic field operators already
described in the double well Josephson junction section (Eq.6.5. This Hamiltonian
describes interactions among the atoms in the same condensate and is clearly gapless.
After some time t, the system is quenched by the sudden lowering of the potential
barrier with the condensate coupled through tunneling. The Hamiltonian after the

quench reads

H(t) = %((mf +on2) — O(1)j. (WIW, + H.e) (6.31)

where J, is the tunneling coupling and ©O(t) is the Heaviside step function. This

Hamiltonian can be written in Josephson form by using ;o = /Nj 2¢12 giving

H(t) = %"Jn? — 205, N cos(v29) (6.32)

If we treat the quench as a small perturbation we can approximate cos(v/2¢) ~ 1—¢?

and retrieve undamped harmonic oscillations with plasma frequency proportional to
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the gap size, w, = A = 2y/uj,, given by

d?¢ A?sin(v/2¢)

7o —T (6.33)
This however is not the solution found by DallaTorre through exact diagonalization
of the full quantum Hamiltonian, equation (6.31). The solution shows strongly
damped oscillations at a frequency A, clarifying the non-perturbative nature of the
problem [2]. In fact the initial state has a large overlap with a macroscopic number
of eigenstates of the Hamiltonian after the quench, which forces us to consider all
high order expansions of the cosine and highlights the strongly interacting nature of
the quench.
The same predictions of damped harmonic oscillations can be obtained by applying
a semiclassical approach [121,122] based on the truncated Wigner approximation.
This model correctly reproduces the results of the full quantum model and provides
an analytical expression for the time evolution of the relative phase. The application
of the semiclassical method leads to the surprising result that the dynamics follow the
equation of motion of a simple pendulum, with the quantum nature of the problem
entering through the initial conditions, for which ¢ is uniformly distributed between
0 and 27. It is this uniform distribution of initial conditions which is responsible for
the damped oscillations.
In a 2CBEC internal Josephson junction, which is the case of interest for the exper-
imental setup in Swinburne, the application of the method discussed above leads to

the equation

d? QN 40
d—tf - (2x + T" — 202 cos ¢) sin ¢ (6.34)
which simplifies, in the case of weak coupling, to
d*¢ QN 40n\ .

A graphical representation of the expected dynamics can be obtained using the
Bloch sphere, figure 6.1, and considering the one-axis twisting Hamiltonian, equation

(6.22). The introduction of the weak coupling displaces the the spin vector from
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the equatorial plane and, given y # 0, allows them to rotate around the z-axis. It
is remarkable that different rotational velocities and different initial positions work
together to change the initial uniform distribution of the spin vectors, with coherence
factor defined as a = (cos @) [31], equal to zero (incoherent), into a new, partially
coherent, distribution with a nonzero value of the coherence factor.

Solutions to sets of equation (6.35), corresponding to different, uniformly distributed
initial values of the relative phase and different evolution times can be seen in figure
6.2, while the evolution of the coherence factor is depicted in figure 6.3 The simu-
lations confirm the scaling ansatz of equation (6.29), with oscillation of frequency
A = 2¢/xQ. The initially incoherent system reaches a coherence peak of about
a =~ (.78 after a time ¢t = 2 and then stabilizes around a =~ 0.4 for longer times,
thus partially "rephasing” the condesates. The universality of the dynamics can be
seen in figure 6.4, where the time evolution of the coherence factor follows equation

(6.29) for different ratios of coupling and interaction strength, with n = 0.
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Figure 6.1: Bloch sphere representation of the dynamics involved in rephasing. (a)

12) 2) 12)

The blue fuzzy circumference on the equator represents a two component BEC with
equal population and uniformly distributed relative phase. Such a condition can be
created by independently condensing an equal mixture over many repetitions. (b)
The weak coupling §2, represented by the green arrow, rotates the circumference
around Sy, here chosen to be aligned with the z-azis. (¢) Nonlinearites cause the
points on the circumference to rotate around the z-axis with a speed proportional to
the distance from the equatorial plane, according to xS*. Furthermore, due to the S
dependence, points lying in the northern hemisphere rotate counterclockwise, while
points in the southern hemisphere rotate clockwise. Simplifying, different points
rotates with different speed starting from different initial positions but end up after
an evolution time t clustered together more tightly then when they started, thus in-
creasing the chance of detecting them in a specific range. This, combined with the
fact that at long evolution times we do not recover the initial uniform relative phase
distribution, is the essence of rephasing. Detuning is not shown in in this represen-
tation but it also causes rotation around the z-axis proportional to 0S,. However the
linear S, dependence is crucial, since northern and southern hemisphere rotate in the

same direction and no change in the probability distribution is caused by detuning.
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Figure 6.2: Distribution of the relative phase of two initially independent condensates
calculated using the semiclassical approach, equation (6.35). The time is expressed

in units of inverse plasma frequency, t = 1/2/Qy.
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Figure 6.3: Time evolution of the coherence factor (cos(¢)) obtained with the semi-

classical approach, equation (6.35). The time is expressed in units of inverse plasma

frequency, t = 1/2/Qy.
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Figure 6.4: Time evolution of the coherence factor calculated by exact diagonaliza-
tion of the Hamiltonian (6.31) for N=1000 particles. (a)Coherence factor for dif-
ferent values of the ratio j, [p, with the red line being characterized by the strongest
coupling and the pink one by the weakest. (b) By rescaling the azes, the universal
behavior outlined by equation(6.29) is evident, with n = 0. Adapted from [2].
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The model discussed so far involves conditions that need to be analyzed more care-
fully in order for an experiment to be carried out. The ”sudden” quench is modeled
with a Heaviside step function, which is clearly an idealization of finite quenching
time involved in the experiment. The model of a sudden quench is expected to
hold if the finite quenching time 7 is smaller than the inverse of the energy of the
highest excited scale. This puts a constraint on 7 such that 7 < 1/NQ. Witthaut
et al. have pointed out in ref. [123] that the most probable excitation path does not
connect directly the ground to the highest excited state, thus giving a less stringent
condition 7 < 1/21/x€. Another condition involves the coupling, supposed to be
weak, setting a constraint (2 < p. Finally the coefficient x requires careful consid-
eration, because, along with (2 sets the time scale of the dynamics. The expression

for x can be written as [13]

1

X = %(&Vlﬂl + Ony iz — Oy i1 — O,y H2) (N1, (Na) (6.36)

showing a dependence on the derivatives of the chemical potential, which in turn is

defined as

i = (slhsle) + 3 gl [ s Plu? (6.57)
k=1,2
and gjp = 47r7'12ajk /m is as usual the interaction strength, with a;; the s-wave

scattering length, Ny, N, are the mean atom numbers and h; is the single particle
Hamiltonian. If we neglect the dependence of the spatial wave function on the
atom number, we can neglect the first term of equation (6.37) and we arrive at the
simplified version [124]

1
X = ﬁ(Un + Uy — 2U12) (6.38)

U =g [ a1 (6.39)
From equation (6.38) we can see that y depends on the scattering lengths and on
an overlapping integral of the wavefunctions of our 2CBEC. For the states |F =
I,m = —1) and |F = 2,m = +1) of 8Rb used in the experiments, the scattering

lengths are very similar in value (ay; = 100.40 ag, a12 = 98.01 ag, age = 95.44 ag) [11]
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and if the modes overlap equation (6.38) gives y ~ 0, suppressing the rephasing.
Control over the overlapping integral is achieved by relying on the non-miscibility
of the condensed states, which leads to a spatial separation of the modes and to a y
different from zero. However having merely a positive y does not solve the problem,
since it still can be small enough to cause rephasing dynamics to happen on a time
scale where other dephasing mechanism can hide the effect we are interested to

measure.

6.4 Immiscible 2CBEC and nonlinear interactions

A 2CBEC is said to be miscible if the wave function of each component are en-
ergetically favored to coexist over the same space. Otherwise the condensate is
said to be immiscible and the components wave functions will try to avoid each
other. One way to obtain a criterion that marks the passage between miscibility
and immiscibility is to use a Bogoliubov-deGennes analysis, which allows us to find
the excitation spectrum and the spatial modes of two stationary states. We consider
an initially homogeneous two-component condensate whose evolution is described by
the CGPE of chapter 2, equation 2.3. For simplicity we set the coupling, the losses,
the detuning and the trapping potential to zero (2 =6 = I'; = V; = 0). Excitations
for trapped condensates are more difficult to deal with, but lead to similar results
and a discussion can be found in [15] . We assume v; o(r,0) to be a steady state

solution of the simplified CGPEs, with a temporal evolution given by

Tt

77/11‘70(1", t) = €_TZ\/E (640)
then we define 1);(r, t) as a perturbation on top of 9, o(r,t) and we replace the new
state

bi(m,t) = e 7 (g + 0i(r, ) (6.41)
in the CGPE. After neglecting terms higher then first order we are left with [16, 125]
h*V?

ih%&bz’ = - i + gimi(00; + OUF) + gion/mina (g + 6105 (6.42)

2m
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Assuming solutions of the form
5¢z _ ui7k€i(k-r+wt) 5¢:« _ U@kei(k'r_wt) (643)

leads to the Bogoliubov-de Gennes equations

hk?
(w_Qm)“WZZE:%N”mﬂ%J+%ﬁ (6.44)

j=1,2

nk?
(—w — 5 ) Vi = Z gij/ niﬂz(uk’j + Uk,j) (645)

j=1,2

The system of four coupled equation can be further simplified by shifting to the
basis of sum and differences of ug ; and vy ; in which the equations can be written

as

ginni g124/M1MN2 Uy £ V1 B h2k2 ( B 2mw)2 Uyj U1
h2k2

g124/ M1 702 g22712 Uz, j + V2,5 2m Uz, j + V2,j

(6.46)

and the dispersion relation is given by

nk? [ h7k?
2
= 2 6.47
= (G 2 (6.47)
with 74 eigenvalues of the matrix

= g1 g12+/M1 702 (6.48)

g124/M1M2 go2M2

The two eigenvalues 7, and 7_ corresponds to eigenvectors (uq ; + v1,5, U2j + V2 ;)
and (uq,; — v1,5, U2; — v2;) which in turn correspond to in-phase and out of phase

oscillations. In the long wavelength limit, £ — 0, the dispersion relation reduces to

n
w® =y = 1 (911 + goo = \/(911 —g2)?+ 49%2) (6.49)

which further reduces, in the case of equal densities n; = n/2, to

2
o, nh'm

w" = m <(111 + a922 + \/(CLH — CL22)2 + 4@%2> (650)




114

Rephasing dynamics of a bosonic Josephson junction

A homogeneous system is thus stable if no imaginary energies exist, which leads to
the condition [15,10]

G%Q S 110922 (651)

If equation (6.51) is violated the condensates will lower their energy by decreasing
the overlap for the case of repulsive interaction, or by increasing it for attractive in-
teractions. There is no stable state for attracting condensates in the untrapped case,
which will collapse, but the presence of a trapping potential allows for a condensate
with a number of particles below a critical value N, to be stable. For rubidium 87
the scattering lengths do violate equation (6.51) and the ground state for different
atom number is shown in figure 6.5, where the immiscibility is clearly visibile.
Equation (6.51) is a useful tool for understanding the behavior of 2CBEC, however
the situation can change dramatically if a coupling is established between the con-
densates, as will be illustrated in the next chapter and as highlighted in Ref. [120].
The now dressed states have stationary states that depends on the strength and
detuning of the coupling, making the simple picture ”component 2 squeezed in the
middle and component 1 spread at the edge” typical of the bare states of ’Rb much
more complicated. Finally, in a recent paper, Lee et al [127] pointed out the crucial
dependence of miscibility on atom number, suggesting that equation (6.51) is not
the optimal parameter to characterize the miscibility of trapped atoms since the
interaction threshold between miscibility and immiscibility and different regimes of
immiscibility depends on the atom number of each component.

The simulation of the ground state of a 2CBEC allows us to estimate the rephasing
period since we have access to the overlapping integral and we can calculate the

coefficient x (see figure 6.6).
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Figure 6.5: Axial density distribution for the ground state of an equally populated
two component BEC with total atom number varying between 10* (a) to 10° (3).
The stronger repulsive interaction experienced by the clouds is responsible for the
increased separation with increasing particle number. The simulations have been

performed for the experimental trap frequencies wq, = 11.7 Hz and w, = 97 Hz.
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Figure 6.6: Nonlinear coefficient x as a function of total atom number for the ground
state of an equally populated 2CBEC . x increases by increasing the total number
of particles by virtue of the fact that the overlapping between each component wave

function decreases.



CHAPTER 7

Rephasing Dynamics of a bosonic Josephson

Junction, experimental results

In this chapter we present the result of the experiments aimed at achieving rephas-
ing in a Josephson junction, according to the theory presented in chapter 6. The
observation of such dynamics is required to validate the claim previously formulated
of universal behavior in systems away from equilibrium. While the original proposal
called for a realization in a double well, here at Swinburne we have the technology
to allow us to explore a different realisation. For this reason we have realized the
alternative condition in which the repulsive interactions experienced by a 50:50 su-
perposition of two hyperfine states of rubidium 87 provide a similar environment for
this dynamics to occur. The cleanest and most robust way to achieve this condi-
tion is to create the superposition of hyperfine states when the atoms are still not
condensed, and then condense them independently. This would guarantee the two
component system to be in their ground state, with a uniformly distributed initial
relative phase, crucial for our observations, provided by the spontaneous symmetry
breaking. Once this condition is achieved, then the "sudden” and ”weak” coupling
is turned on in the form of a microwave field, and the phase converted in relative

population with the application of a /2 pulse after varying evolution times, to



118

Rephasing Dynamics of a bosonic Josephson Junction, experimental results

recover the expected scaling relation. The universality would follow by varying the
strength of the microwave field. This is the focus of the first part of the chapter.
However there are technical challenges which have prevented us from obtaining con-
densates of the required size and purity to be useful, given the stringent requirements
outlined in chapter 6. We have consequently opted for a different approach, where
we condense the atoms in the same state and transfer half of them with a first 7/2
pulse, wait for the two condensates to separate, then apply the rephasing coupling
and finally apply the second 7 /2 pulse, but crucially with a phase which is different
from the first one. This approach is equivalent to performing a standard Ramsey
interferometry, but with a randomized phase relationship between the two pulses,
which is equivalent to the uniform distribution of the relative phase achieved with
independent condensation. After many realizations, if the rephasing dynamics are
present, we should observe a clustering of experimental points around values of
relative population close to zero when compared to the case where the microwave
coupling is not applied, which in turn would signify a non-zero coherence factor.
This approach has its problems as well, since by creating the initial superposition
we are triggering other dynamics in the system, like breathing modes and nonuni-
form phase growth, which affects the absolute value of the visibility. Additionally, a
collective oscillation requires around 200 ms to create the right condition (nonlinear
coefficient y large enough to generate rephasing on a meaningful time scale). This
time is long enough for other effects, like losses, to affect the coherence of the system
and to influence the separation. The results for this "engineered” phase approach
will make up most of the second part of the chapter. Finally, in the third part,
in an effort to reduce collective oscillations and decrease the waiting time before
the application of the coupling, we have explored an adiabatic 7/2 pulse to create
the initial superposition. Simulations have shown that if the initial 7/2 pulse of a
Ramsey sequence is weak, the system follows the ground state and the oscillations
are greatly suppressed. However the solutions now depends on the strength and

the detuning of the weak initial 7/2 pulse, leading to configurations that can differ
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greatly from the ground state of a 2CBEC, with state |1) at the sides of the trap and
state |2) in the middle. Those effects are not necessarily bad. On the contrary, they
can even help improve the quality of the interferometry, as will be explained later,
but add a layer of complexity in the control of the overlap. Furthermore, for both
the adiabatic and non adiabatic ”engineered phase” approaches the system cannot
be considered suddenly quenched, raising serious concern on their feasibility. All

these points and others will be treated more carefully in the concluding section.

7.1 Independent Condensation

Independent condensation of two atomic ensembles trapped in different states is the
most straightforward and clean way to create the conditions for the observation of
the rephasing dynamics described in chapter two, given our current experimental
setup. The experiment requires the creation of a mixture of two hyperfine states
before the condensation, so that the two components should truly be initially inco-
herent. Having fulfilled this condition, over many repetitions we expect to obtain
a uniform distribution of initial relative phases. A second m/2 pulse applied to
the condensates after some evolution time ¢ should convert the phase into relative
population and the observable P,, defined as

N - N

-2 7.1
N TN, (7.1)

where N7 and N, are the populations in each state, should be uniformly distributed
between the maximum and minimum value of the visibility. The visibility itself
depends on the overlap between the wave functions of the two components, which is
not perfect since we need a separation in order to have a nonzero y. This is expected
to decrease the visibility. The homogeneity of the phase across the condensates also
influences the visibility, but for a condensate in its ground state, as in this case,
there is no relative motion and the phase is indeed uniform. Finally the evolution

time ¢ should be short, so that decoherence through losses or phase diffusion does
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not affect the system significantly. The distribution of P, in the absence of coupling
should then be compared to the distribution of P, in the presence of the weak cou-
pling €2. The coupling, together with the interactions, should trigger the rephasing
dynamics causing the experimental points, uniformly distributed across the range of
the visibility for the evolution time ¢ in the absence of coupling, to cluster around
some specific value of P,, according to figure 6.2 in chapter 6. The coherence factor
(cos ¢) should then move away from zero, with the points more tightly clustered as
the contrast approaches 1 and then it should exhibit the damped oscillatory behavior
for longer evolution times highlighted in figure 6.3 of chapter 6.

We attempted to produce an incoherent 2CBEC of 8"Rb by first trapping the atoms
into the state |F' = 1, mp = —1), then by transferring half of them with a 7/2 pulse
in state |F' = 2, mp = +1) and finally evaporating the mixture to degeneracy. This
approach proved unfeasible at the usual experimental trap bottom of 3.23 Gauss
because of Zeeman shift of the magnetic levels. Between the states |F' = 1, mp = —1)
and |F' = 2, mp = +1) and their respective mpr = 0 states to which they are coupled
during evaporation there is a differential shift of ~ 11 kHz. The result of this shift
is that we effectively cut in component |2) while component |1) is still non pure and
we always ended up with a decent sized |2) and a relatively thermal |1), or a pure |1)
and a tiny |2). Remember that the size of the condensate is a primary concern since,
as explained in chapter 6, and as shown in figure 6.6, it drives the spatial separation
which in turn determines the nonlinear coefficient y required for rephasing. The
next step consisted of using an RF coupling to evaporate state |1) and a MW field
to evaporate state |2) by coupling it to the untrapped |F' = 1,mp = +1).

This approach failed for lack of power in the microwave field. State |2) was barely
affected by the coupling and increasing the evaporation length had a negative effect
on the total atom number due to the increased importance of losses for this state,
since it is not maximally stretched. We decided to lower the trap bottom to the
minimum value that allowed us to reliably produce a single component BEC, thus

decreasing the Zeeman splitting. It turned out that the minimum value achievable
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was ~ 0.5 G, due to the fact that stray external magnetic field, switch instabilities
and current fluctuations can affect the trap bottom at even lower magnetic fields,
causing the final number of condensed atoms to fluctuate wildly or preventing con-
densation altogether. A normal evaporation cycle of 15 seconds would have caused
the population of state |2) , which has a lifetime of about 500 ms due to spin relax-
ation, to drop unacceptably low. We have used a two stage evaporation trajectory

based on the following scheme

e Efficient cooling of component |1) for 10 seconds in a 0.5 G trap. The final
evaporation frequency of this cooling sits at about 400 kHz, 30 kHz above the

condensation threshold

e Quick (=~ 1 ms) 7/2 pulse to transfer half of the cold but non condensed atoms

in state |2)

e Compressing of the trap to increase rethermalization efficiency without chang-

ing the trap bottom, stable at 0.5 G, on a 10 ms scale

e 100 ms evaporation of both components from an initial frequency of 420 kHz

to the final evaporation frequency of =~ 370 kHz

This scheme was successful in achieving independent condensation, proof of which
is provided in figure 7.1, where the parabolic distribution typical of the condensed
state sits on top of a Gaussian distributed thermal fraction. To check that we did
actually achieve independent condensation and not just a 50:50 split of atoms already
condensed in state |1) we switched off the second evaporation sweep and repeatedly
observed simple thermal clouds for the two components. As an additional sign of
genuine independent condensation we looked for the separation of the cloud and
we checked for the suppression of relative motion. The relative motion was indeed

absent, but the separation was rather small.
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Figure 7.1: (a) Absorption images of a 2CBEC obtained through independent
condensation of component |1) (left) and component |2) (right) in a trap with
Wy, = 2m-97 Hz and w, = 27 - 11 Hz. As can be seen from the images the thermal
fraction is substantial, and for this particular case accounts for =~ 50% of the total
atom number. State |1) has 3.45 - 10* atoms of which 1.83 - 10* arecondensed. State
12) has 3.18 - 10* atoms, 1.38 - 10* condensed. The compression of component |2) is
immediately visible.(b,c) Azial (left) and radial (right) density profile for compo-
nent |1) (b) and component |2) (¢) after independent condensation. The condensed

part is clearly visible. The effective pizel size is 4.5um.
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This was because of the substantial thermal cloud that always accompanies the
condensates produced with this method. The actual condensed part corresponds to
50% of the total atom number, which is typically between 6 - 10* to 7 - 10* atoms,
giving a value of only 1.5 - 10* to 1.75 - 10* condensed particles in each component,
much too small to provide a meaningful separation, as is depicted in figure 7.2.
Furthermore such a big thermal cloud has a negative effect on the interferometry
measurements, due to the decohering effects of the interaction between condensed
and non condensed atom detailed in chapter 4 and in reference [103]. All these

reasons forced us to abandon the independent condensation approach and switch to

the ”engineered phase” method.
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Figure 7.2: (a) Measured spatial density distribution of the condensed part for the
cloud shown in figure 7.1. Ny = 1.83 - 10* and N, = 1.38 - 10*. (b) Simulated
density distribution for the ground state of an equally split 2CBEC of Ny = 2 - 10*
The measurements closely resemble the simulations for the corresponding

atoms.

total number of atoms, but the overlapping is unacceptably high.

7.2 Rephasing through engineered phase

In order to lessen the downsides of independent condensation we opted to implement

what we called an ”engineered phase” sequence to achieve the conditions for rephas-
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ing. The idea is simple: we realize a standard Ramsey sequence with an initial /2
pulse with phase ¢; that we vary, from shot to shot, between 0 and 27, creating
a uniform distribution. We then let the system evolve for a time t, we apply a
weak coupling 2 with a phase ¢, different from ¢; for a time 7 compatible with the
expected rephasing period and we apply the second 7/2 pulse with the same phase
as the weak coupling. The phase ¢, Figure 7.3 offers a Bloch sphere description of

the dynamics involved, and a schematic representation of the experimental sequence.

The relative population P, is related to the relative phase ¢ at time T through
P, =V sin¢(T) (7.2)

where V is the interference contrast. To make a more immediate comparison with
the simulation of chapter 6, expressed in terms of coherence factor (cos ¢), we can

recover the phase from the measurements of P, using
¢(T) = arcsin(P,/V) (7.3)

and then average over the cosine. It is clear that in the case without coupling we
should recover a uniform distribution of the relative phase with the mean value
(cos ¢) = 0. Therefore we look for variations in (cos ¢) when the coupling is applied.
The coupling is expected to cause the experimental points to cluster around P, = 0,
with the extent of the clustering following a damped oscillatory behavior represented
in figure 6.3 of chapter 6. However we tread on dangerous ground since the system is
not in equilibrium when the actual rephasing pulse is applied, due to the fact that the
initial 7/2 pulse already causes the system to be in an excited state. The condition
for the system to be suddenly quenched is therefore violated, with implications that
require additional theoretical analysis in future extensions of this work.

The requirement for separation of the two wave functions are satisfied only through
the effect of breathing, since after the initial, quick 7/2 pulse the wave functions

overlap.
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Figure 7.3: Engineered phase rephasing sequence. The condensate, initially (t = ty)
in state |1), is coherently transfered by a /2 pulse with phase ¢; (blue arrow),
arbitrarily chosen to be in the x-axis direction, to state |2) (a) . The mean spin
vector S (black arrow), under the effect of the w/2 pulse, rotates around the x-axis
until it lies on the equator (b) and we have an equal superposition. By varying the
value of the phase ¢ we can send the mean spin vector S to an arbitrary position on
the equatorial plane thus creating, over many repetition, uniformly distributed initial
conditions (blue circle). After some time ty, chosen to mazimize the nonlinear co-
efficient x, a weak rephasing pulse (red arrow) is applied for a durationt = to, with
a phase ¢o, arbitrarily chosen at the beginning of the experiment and kept constant in
each repetition. During this evolution time the S vector rotates around the direction
of the weak coupling and at the same time nonlinearities (green arrows) cause a
rotation around the z-axis whose speed is proportional to xS? (c). A final w/2 pulse
(red arrow with the same phase ¢ as the weak coupling pulse converts the relative
phase into population difference P,. If rephasing is observable, the probability of
measuring values close to P, = 0 1is expected to increase compared to the case when

the weak rephasing coupling is absent. The detuning is assumed to be close to zero

(0~0)
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The separation is at its maximum after about 200 ms in our current experimental
conditions, which is a time long enough for the system to experience decoherence
through losses and phase diffusion. What is desirable during the application of
the coupling, a small overlap, it is undesirable for the interference contrast, that is
improved by a high overlap. Additionally relative motion of the condensates cause
the phase to be non-homogeneous, further reducing the contrast. We cannot avoid
the relative motion, since it is required for separation and we cannot control the
overlap in order to have different overlapping regimes during the coupling and just
before the last 7/2 pulse is applied. This does not prevent the rephasing, but makes
it more difficult to be detected, since now the points are spread between a shorter
range of values of P, and variations are more difficult to detect.

We also explored a different approach that was aimed at suppressing the collective
oscillation, reducing the waiting time before the application of the coupling, but still
achieving reasonable separation of the clouds. It uses a very weak /2 pulse initially
creating the superposition so slowly that the components almost adiabatically follow
the ground state. This results in a reduction of the relative motion and a waiting
time of only 40 ms. However the miscibility now becomes dependent on the strength
of the pulse and the detuning, as well as on the number of atoms, making the initial
conditions more difficult to control .

Both methods and their experimental results will be described in detail in the next

sections

7.2.1 Rephasing with a fast 7/2 splitting

Here we present the results for the fast m/2 splitting method. In this experiment
we first condense ~ 10° atoms in state |FF = 1,mp = —1) with a 3.23 G trap
bottom and then transfer half of them to |F' = 2,mp = +1) with a MW+RF pulse
having a Rabi frequency €2/, = 2m-1 kHz. The uncertainty associated with our 7 /2

transfer is usually ~ 1%, which is a good approximation of an equal superposition.
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Additionally this is a non adiabatic transfer and the wave functions are effectively
"frozen” during its application. This means that at the end of the coupling the
wave functions for the two states almost perfectly overlap and the system is in a
non equilibrium state. Subsequently the components will start to oscillate out of
phase, with component |1) pushed toward the edge of the trap and component |2)

compressed in the middle.
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Figure 7.4: Simulated time evolution of the root mean square width, giving an idea of
each component’s wave function width, defined as in equation (7.4), in the presence
(top) and absence (bottom) of particle losses. Oscillations with a period of ~ 150
ms are visible in the lossless case, while the situation is more complicated when losses
are present. In the lossy case, component |2) (red trace), after an initial transient
behavior lasting around 400 ms, exhibit almost perfect sinusoidal oscillations with a
period of 170 ms. On the other hand the width of component |1) (blue trace), after

the wnitial transient, remains almost constant.
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Figure 7.4 show CGPE simulation of the root mean square width of the wave func-

tions of each component with respect to the axial direction, which is to say

1/2
Tirms = (/ x2|\Ifi|2dxdydz) (7.4)

giving an idea of the width of each component of a condensate with Ny, = 10° in our
typical experimental conditions (w, = 27 - 11 Hz, w, = w, = 27 - 97 Hz, scattering
length and losses as described in chapter 2). The simulations allow us to obtain
quantitative results on the period of oscillations, which are in agreement with the

measurements previously performed on the setup (see chapter 5 and Ref. [73,82]).

0 200 400 600 800 1000 0 200 400 600 800 1000
Time (ms) Time (ms)

Figure 7.5: Simulated time evolution of the normalized density overlap A in the pres-
ence (left) and absence (right) of particle loss. The window chosen to perform the
experiment lies between 150 and 190 ms, which minimizes waiting time while provid-
ing poor overlapping and in turn high nonlinear x coefficient and shorter rephasing

period.

Figure 7.5 shows the evolution of the normalized density overlap A defined as
J drd[9, 2|92
ARt J drd |

which is a crucial parameter in determining when the rephasing coupling should be

A:

(7.5)

applied. The overlapping is at a minimum after 185 ms, but as can be seen from
the simulations, it quickly rises in about 30 ms to a value A = 0.9.
Since this is a nonequilibrium situation, the best way to calculate the coefficient

x is trough the derivative of the chemical potential, instead of the overlapping
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integral, using equation 6.36 of chapter 6. The derivative of the chemical potential
is calculated by evolving CGPE with different values of N; and Ny, usually N; =
N/2 4+ 103, Ny = N/2 F 103. The results agree fairly well with the overlapping
integral method and give a value of y ~ 957! . With a coupling strength =
27 - 75 Hz this gives a characteristic rephasing time 7 = 1/21/Qx = 19.2 ms which
brings us into the high overlapping area, grinding the dynamics to an effective halt
after a single oscillation. For this reason we apply the rephasing coupling after 150
ms, which provides us with 50 ms of coupling time with a maximum overlap of
A = 0.5. We wait for 150 ms after the first 7/2 for the best separation condition
to happen and we apply a weak coupling in the form of a 2 photon MW+RF field
of Rabi frequency Q2 ~ 27 - 75 Hz and a different phase compared to the first
7/2. With the coupling on, we let the system evolve for a variable time t ranging
between 10 and 40 ms and then we apply a second 7/2 pulse that concludes the
Ramsey sequence. This second pulse has the same phase as the weak coupling.
Additionally this phase changes from realization to realization in order to create a
uniform distribution of the relative phase between the first and second m/2 pulse
for any given evolution time t. The atoms are then released, fall under gravity for
10 ms and are imaged using the adiabatic passage method previously described in
chapter 3. The phase distribution obtained in the presence of coupling is compared
with the phase distribution extracted using the same Ramsey scheme, but in the
absence of coupling. We check for variation in the coherence factor (cos¢) which
signifies a tighter clustering of points around ¢ = 0 compared to the non rephased
(absence of coupling) case.

As an additional test to characterize the coherence of the system we perform Ramsey
interferometry in the phase domain at 10, 50, 100 and 150 ms. We fit the exper-
imental data with a sinusoidal function, equation 7.2, we recover the visibility V
and, after normalizing the measured P, by the visibility extracted from the fit, we

calculate the phase shift. The phase shift is defined as the departure of experimental
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points from the ideal sinusoidal behavior and is calculated as
d¢ = arcsin( P, (igeqr)) — arcsin(F;) (7.6)

where P, (jqeq) are points lying on the fitted sine for the corresponding relative phase
between the Ramsey pulses. Figure 7.7 shows some typical examples of Ramsey
fringes at different evolution time as they look after being collected in the experi-
ment, with the sinusoidal fit closely following the experimental points and, in polar
representation, the phase shift distribution. Figure 7.8 displays the coherence fac-
tor (cos¢) of the measured phase distributions for different evolution times. The
coherence is very high in the first 50 ms, with (cos¢) = 0.96 for ¢ = 10 ms and
(cos¢p) = 0.91 for ¢ = 50 ms. It drops to (cos¢) = 0.75 for ¢ = 100 ms but
then it remains stable at this value after 150 ms of evolution, when the rephasing
experiment takes place. The error bars on each point of figure 7.8 are calculated as
o(¢)/+/(M — 1), where o(¢) is the phase uncertainty extracted from the fit and M
is the number of measurements, with at least M = 60.

The results for the rephasing experiment are shown in figure 7.9. The Ramsey
fringes, collected in the presence and absence of coupling, form the basis for our
analysis. The visibility is low, on average V = 0.2, in agreement with the simulations
in figure 5.4, chapter 5. This is mostly due to inhomogeneous phase evolution across
the spatial extent of the condensate, but also due to decoherence and poor overlap.
As a first step we analyze the unrephased fringes by dividing the measured values
of P, by the visibility and we recover the phase corresponding to each value of P,
through the application of equation 7.3. This serves as an initial phase distribution
against which the rephased fringes are compared. The final step in the analysis
requires the phase of each of the measured values of P, in a rephased fringe to
be obtained using the same procedure as for the unrephased case. Comparison of
the phase of points having the same Ramsey pulses relative phase in the presence
and absence of rephasing coupling should allow us to detect the motion due to the

coupling and an eventual departure from a uniform phase distribution.
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Figure 7.7: Ramsey fringes acquired by varying the phase of the second Ramsey
pulse after t = 10 ms (a), t = 50 ms (b), t = 100 ms (¢) and t = 150 ms (d) of
free evolution. The red line is a sinusoidal fit while the black dots are experimental

points.
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Figure 7.8: Coherence factor obtained by taking the average of the cosine of the
phase distributed as in the polar plots of figure 7.7. The coherence is highest for
t = 10 ms with {cos ¢) = 0.96, dropping to (cos ) = 0.74 after t = 150 ms of free

evolution.
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Figure 7.9: (a,b,c,d,e) Ramsey fringes acquired by varying the phase of the second
Ramsey pulse after 150 ms of free evolution and the additional application of a
rephasing coupling with duration t = 10 ms (a), t = 15 ms (b), t = 20 ms (c),
t =30 ms (d) and t = 40 ms (e). The red line is a sinusoidal fit while the black
dots are experimental points. (al,bl,c1,d1,el) Polar plots showing the relative
phase distribution corresponding to at least 40 measurements for each duration of

the rephasing pulse. The uniformity of the distribution suggests absence of rephasing.



Rephasing through engineered phase

133

Having access to the phase allows us to plot the experimental data in polar coor-
dinates, providing a visual representation of the phase distribution. Rephasing is
expected to alter the distribution from uniform to peaked around ¢ = 0. The polar
plots clearly show uniformly distributed values of the relative phase, which is a first
indication that the effect of rephasing is not being observed under the experimental
conditions used. Numerical values of the coherence factor (cos¢) calculated by
averaging the cosine of the relative phase distribution for different duration of the
rephasing pulse, presented in figure 7.10, are all very close to zero, quantitatively
proving the ineffectiveness, under current experimental condition, of the coupling
pulse in increasing the coherence of the system. The error bars represents the
partial knowledge of the real density distribution resulting from a finite number of
measurements, scaling as o/ VM, where o is the standard deviation of the measured
distribution and M is the total number of measurements, never below 44. Possible
explanation for this negative result will be provided in the concluding section of this

chapter.

BRI
5 10 15 20 25 30 35 40 45
Time (ms)

Figure 7.10: Coherence factor obtained by taking the average of the cosine of the
phase distribution found in a rephasing experiment with a fast initial w/2 splitting
(polar plot in figure 7.9). The coherence is close to zero, showing no appreciable

deviation from a uniformly distributed relative phase.
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7.2.2 Adiabatic transfer to 50:50 superposition

In this section we focus on the preparation of a spatially separated two component
BEC through the application of a weak coupling pulse that slowly drives half of the
particles from state |1) to state |2). Since we could not independently condense each
individual state and since the application of a pulse with Rabi frequency €2, = 27 -1
kHz leaves the system in a nonequilibrium state that oscillates and takes ~ 170 ms
to separate, by slowly transferring atoms from one state to the other we can obtain
a final superposition that has a close resemblance to the actual ground state, greatly
suppressed spatial oscillations and can be achieved on a faster timescale. We run
simulations for the CGPE with a linear coupling of different strength and different
detuning and find unexpected complex dynamics. The dynamics are strongly de-
pendent on the coupling €2, and the detuning 6,. When the coupling is not present
we have the usual breathing collective modes and given the particular asymmetry
in the intra-species scattering length for rubidium 87 component |1) is pushed to
the wings and component |2) in the center. With the coupling strength increased
to Q, &~ 27 - 10, the trend reverses, with component |2) in the wings and |1) in the
middle. If the coupling is increased further, with €2, ~ 27 - 30 Hz, the amplitude
of the oscillations decrease to the point that we can consider it a stationary dressed

state [126], with very poor time averaged separation.

Immiscibility and spatial separation with an adiabatic transfer

We briefly take a break from experimental measurements and present the result of
the simulation for the evolution of a BEC initially in state |1) which is slowly driven
by a weak coupling €).. From this simulation we wanted quantitative information
about the parameters such as coupling strength, detuning 4, and evolution time nec-
essary to create an equal superposition that most closely resembled the ground state
of a two component BEC. Later in this section, experimental evidence is provided

to confirm the prediction of the simulations.
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Figure 7.11 shows a simulation for 2, = 27 -5 Hz and 6, = —2x - 30 Hz, with
Niot = 3.4 - 10° atoms. The importance of detuning is immediately evident. Due to
mean field shift we had to find a value of ¢, that allows for an equal superposition
to be created. For the parameters of figure 7.11 only the edges of the clouds are
transferred to state |2) and we are always far away from an equal split. Figure 7.12
has the same coupling €2, as in figure 7.11, but this time the detuning of —27 - 40
Hz allows for a much more efficient splitting, creating an almost 50:50 superposition
after =~ 90 ms. The density distribution looks almost identical to the one expected
for the ground state, making it a good candidate. However the time required to
achieve this condition is somewhat long, and on this timescale dephasing, especially
due to losses (we are working with high atom numbers), becomes relevant. (The
total population drops from 3.4 - 10° to 2.5 - 10°, down by ~ 30%).

Increasing the coupling strength to €2, = 27 - 10 Hz and with a detuning §, = 27 - 30
Hz we observed a swap of the density profiles, once again due to detuning allowing
coupling on the wings, with |2) on the sides and component |1) in the center (see
figure 7.13). This configuration is very different from the ground state, but has the
potential advantage of reducing the density of component |2), thus reducing losses
in the system (spin relaxation is not suppressed in |2)). However this potential
advantage is offset by the tendency of component |1) to expand into component |2),
making the overlapping time-dependent again. We found conditions that we deemed
satisfactory for €2, = 27 - 10 Hz and § = 27 - 40 Hz, where we obtained a ground
state looking axial density distribution after only 30 ms, with very small losses
(the population drops only by 8%, figure 7.14). The separation is unfortunately
worse than for the actual ground state, but we believed the benefit of suppressed
oscillations and reduced waiting time would offset this potential problem. The

coefficient y after 30 ms is ~ 5 Hz, which is still acceptable.
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Figure 7.11: (a) Azial density evolution for state |1), 2, = 2w -5 Hz, 6, = —27 - 30
Hz. (b) Azial density evolution for component |2), Q, = 2w -5 Hz, 6, = —2mw-30 Hz.
(¢) Evolution of the populations, N = 3.4-10°, Q, = 27-5 Hz, §, = —2m-30 Hz with
losses. Total population in red, component |1) in blue and component |2) in green.
(d) comparison between the ground state (dashed lines) and the state obtained
after 100 ms of evolution (solid lines). Component |1) is in blue, component |2)

18 1 red.
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Figure 7.12: (a) Axial density evolution for state |1), Q. =27 -5 Hz, 6, = —27 - 40
Hz. (b) Azial density evolution for component |2), Q, = 27 -5 Hz, 0, = —27-40 Hz.
(¢) Evolution of the populations, N = 3.4-10°, Q, = 27-5 Hz, 0, = —27-40 Hz with
losses. Total population in red, component |1) in blue and component |2) in green.
(d) Comparison between the ground state (dashed lines) and the state obtained
after 90 ms of evolution (solid lines). Component |1) is in blue, component |2) is

m red.
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Figure 7.13: (a) Azial density evolution for state |1), 0, = 27 -10 Hz, §, = —2m-30
Hz. (b) Azial density evolution for component |2), Q, = 27-10 Hz, §, = —27-30 Hz.
(¢) Evolution of the populations, N = 3.4-10°, Q, = 210 Hz, 6, = —27-30 Hz with
losses. Total population in red, component |1) in blue and component |2) in green.
(d) comparison between the ground state (dashed lines) and the state obtained
after 40 ms of evolution (solid lines). Component |1) is in blue, component |2) is

m red.
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Figure 7.14: (a) Azial density evolution for state |2) ). = 27w -10 Hz, §, = —2m-40
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We run experiments to check if the adiabatic coupling method was indeed able to
produce the simulated density patterns and suppress collective oscillations. The trap
bottom was set at 3.23 G, the strength of the coupling pulse at €2, = 27-10 Hz and the
detuning ~ —27m-40 Hz. The detuning has been measured using Ramsey oscillations.
For perfectly resonant Ramsey pulses, the frequency of Ramsey oscillations in our
typical trap condition and for 2-10° atoms is ~ 27 - 15 Hz, given by collisional shift.
The correct field detuning is characterized by a Ramsey frequency = 2x - 25 Hz.
This frequency value can be obtained by using a field positively detuned by 27 - 10
Hz or a field negatively detuned by —2x-55 Hz. The Ramsey fringes would have the
same frequency for both cases. However, in the event of a positively detuned field,
increasing its frequency would increase the frequency of the Ramsey oscillations. If
the field happens to be negatively detuned, increasing its frequency decreases the
frequency of Ramsey oscillations, thus providing an easy way to find the correct
detuning. The atoms were subject to the weak coupling field for a minimum of 10
ms to a maximum of 100ms, than immediately released from the trap and imaged
after 10 ms time of flight, with both population imaged at the same time using the
adiabatic passage method described in chapter 3. The results are displayed in figure
7.15-7.16.

The experimental results follow the simulations quite closely, with component |2)
compressing in the middle as expected and component |1) more broadly distributed
in the trap. From the images there is a hint of the double structure in component
|1), but we were unable to clearly resolve it, the inability attributed to our lack of
imaging resolution. The overlap cannot reliably be estimated from measurements,
due to the falling time and the additional manipulation involved in the imaging
process, forcing us to rely on simulated values. On a side note, our estimate of
3.4-10° atoms proved to be too optimistic since we could produce condensates with
no more than 2.5 - 10° atoms for this particular experiment, which had the effect of
shifting the conditions for acceptable 50:50 superposition and overlap after 40 ms

of evolution, compared to 30 ms for 3.4 - 10°, as can be seen in figure 7.16. We
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identified the conditions at t=40 ms as the most desirable and we proceeded to test
the absence of collective oscillations for this configuration by holding, without any
coupling applied, the atoms for as much as 100 ms and measuring the width of each
condensate. While the oscillations were not completely suppressed, they were less

intense than with the quick 7/2 pulse (figure 7.18).

(a)

Figure 7.15: Ezperimentally measured density distributions after (a) t =
Ny = 1.72-10°, Ny = 2.48 - 10°, No/(Ny + No) = 30.44% and (c) t =
for component |1) (blue dots) and component |2) (red dots). N; = 1.05 - 10°,
Ny = 1.07 - 10°, No/(Ny + No) = 50.38%. (b,d) Theoretically simulated density
distribution after t = 20 ms and t = 30 ms, N = 2.4-10°. Component |1) is in
blue and component |2) is in red. The Rabi frequency of the adiabatic coupling is
Q, = 27-10 Hz, detuning is kept at 0 = —2m-40 Hz. Trap bottom is set at By = 3.23

G while trap frequencies have the typical values of 2w - 11 Hz in the axial direction
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Figure 7.16: Ezperimentally measured density distributions after (a) t = 40 ms,
N; = 813 -10% Ny = 1.17-10°, Ny/(Ny + Ny) = 59.01% and (c) t = 50 ms,
for component |1) (blue dots) and component |2) red dots. Ny = 8.34-10%, Ny =
1.15-10°, No/(Ny+Ny) = 57.59%. (b,d) Theoretically measured density distribution
after t = 40 ms and t = 50 ms, N = 2.4 -10°. Component |1) is in blue and
component |2) is in red. The Rabi frequency of the adiabatic coupling is Q, = 27 -10
Hz, detuning is kept at 0 = —2mw-40 Hz. Trap bottom is set at By = 3.23 G while trap
frequencies have the typical values of 2w - 11 Hz in the axial direction and 27 - 97THz

in the radial direction.
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Figure 7.17: Fxperimentally measured spatial evolution of the optical density of

component |2) (left) and component |1) (right)
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Figure 7.18: Axial oscillation widths for state |2) after the application of a quick 7 /2
preparation pulse (black) and an adiabatic w/2 pulse (red). For the adiabatic pulse
case the time has to be understood as waiting time after the initial 40 ms required

to create the superposition; the oscillations, while not absent, are strongly reduced.

Rephasing with an adiabatic coupling

This experiment was performed in a similar way to the fast 7/2 splitting described
in section 7.2.1, the only difference being the Rabi frequency of the initial pulse, set
at 2. = 27-10 Hz, detuned by 6, = —27-40 Hz, and the higher initial atom number,
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with initial N, ranging from 2 - 10° to 3 - 10° instead of 10°. The total number of
particles was increased to compensate for the generally smaller separation achievable
with this method (the higher the total number of particles the more the components
will push apart). After the required number of particles has been condensed, they
were slowly transferred to a 50:50 superposition of state |1) and state |2) over 30 ms.
The phase ¢, of this initial preparation pulse was again varied, from shot to shot,
between 0 and 27, creating a uniform distribution. At this point the preparation
coupling was switched off and we waited for 20 ms. The suppression of oscillations
allowed us to consider the spatial distribution stationary during this waiting time.
We then sent the rephasing coupling pulse, with a Rabi frequency €2 = 27 - 75 Hz
and a duration between 20 and 40 ms, with a phase ¢y # ¢, arbitrarily chosen
at the beginning of the experiment and kept constant afterwards. The observable
measured was once again P,, and from the experimental data points we extracted
(cos ¢) and its distribution using the same method outlined in section 7.2.1. The
interference contrast V, calculated as the amplitude of a sinusoidal fit of a Ramsey
fringe in the experimental conditions had an average value of 0.3, mostly due to
poor overlap and coherence issues. A key difference from the fast 7/2 experiment
lies in the fact that we are now using two Ramsey pulses of different strength, the
first being slow and the second being fast. This forces us to use two different RF
generator, since the amplitude is manually set at the beginning of the experiment for
each generator and cannot be changed during the experiment. The RF generators
are both clocked and synchronized by the MW generator internal 10 MHz quartz
oscillator, but the coherence of the system is not as good as the coherence achieved
after 50 ms for the fast 7/2 experiment using a single RF generator, being equal to

0.8 instead of 0.91 (see figure 7.19).
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Figure 7.19: Ramsey interferometry in time domain used to measure the coherence
of the adiabatic coupling experiment. The red line is a sinusoidal fit while the black
dots are experimental points. The Polar plot provides a graphical representation of
the coherence of the system and is constructed by first recovering the phase of each
experimental point using equation (7.3) and then calculating the phase shift with
equation (7.6). The coherence is degraded by the imperfect synchronization of the
two RF generators used to produce the initial slow preparation pulse and the final

fast reading pulse. {cos @) ~ 0.8 after 30 ms of free evolution.

Typical examples of Ramsey fringes as they are acquired in the experiment along
with polar plot showing the relative phase distribution are shown in figure 7.20, while
the coherence factor, calculated as the average of the cosine of the relative phase
distribution plotted in figure 7.20, is displayed in figure 7.21. The results again
show no appreciable contribution coming from the rephasing pulse to changing the
distribution of the relative phase. The rephasing is once again undetectable in the

experimental conditions.
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Figure 7.20: (a,b,c) Ramsey fringes acquired by varying the phase of the second
Ramsey pulse after slowly transfering 50% of the population from state |1) to state
12) over 50 ms and the additional application of a rephasing coupling with duration
t =20 ms (a), t = 30 ms (b) and t = 40 ms (¢). The red line is a sinusoidal
fit while the black dots are experimental points. The circumferences are polar plots
showing the relative phase distribution corresponding to at least 40 measurements
for each duration of the rephasing pulse. The uniformity of the distribution suggests

absence of rephasing.

7.3 Conclusions

We were unable to observe any significant change from the expected null value of
in the coherence factor (cos ¢), corresponding to a uniform distribution of relative
phase, in experiments when a weak coupling was applied to an equal superposition

of atoms in the two hyperfine states |F' = 1,mp = —1) and |F = 2,mp = +1).
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Figure 7.21: Coherence factor obtained by taking the average of the cosine of the
phase distribution found in a rephasing experiment with an adiabatic coupling (polar
plot in figure 7.20). The coherence is close to zero for the three different duration of
the rephasing pulse, showing no appreciable deviation from a uniformly distributed

relative phase.

In these experiments the way the relative phase is distributed can be interpreted as
measurements of the coherence of the condensate. This is because the condensate has
a well defined relative phase in each iteration of the experiment, but every iteration
uses a different relative phase of the coherent pulses used to manipulate the BEC in
a Ramsey sequence. This should create a uniform distribution of relative phases over
many repetitions, with zero average. This condition is the closest we could get to
"initial incoherence” after we abandoned the independent condensation strategy for
the reasons outlined in section 7.1. The theoretical framework presented in chapter 6
suggests that even for this case, the application of a weak coupling should change the
distribution of the relative phase and consequently the coherence factor compared
to the case when no coupling is applied. The weak coupling is expected to shift the
coherence factor away from zero. These effects are to be associated with a narrower
distribution of possible phases, thus justifying the term "rephasing”, since the weak
coupling is forcing coherence by effectively eliminating some phase configurations

in the ”initially incoherent” (on average) system where all phase configurations are
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equally probable. However, as already mentioned, no change has been observed in
experiments performed with this weak coupling. In what follows we will present

some possible explanations for this negative result:

Poor initial coherence

The measurements on the coherence have shown that the system is only par-
tially coherent before the application of the rephasing pulse. The reason for
the decoherence is easily found for the fast m/2 rephasing experiment, since
the system has to evolve for 150 ms before the optimal condition for rephasing
are met. For the adiabatic transfer to a 50:50 superposition experiment the
decoherence comes through imperfect synchronization of the RF generators
needed to produce the field required to perform the experiments. In both
cases the coherence factor (cos ¢) acquires similar values, 0.74 for the fast 7/2
and 0.8 for the adiabatic preparation. The experiment we performed relied
on the creation of a uniformly distributed relative phase between the vector
representing the state of the system and the Ramsey pulses used to manip-
ulate it, achieved by assuming the state vector static and by changing the
relative phase between the Ramsey pulses. The vector was allowed to move,
in our model, only when the weak rephasing coupling was applied, and the
motion was expected to increase the likelihood of finding the state in phase
with the coupling pulse. The rotation speed was therefore only dependent on
the relative phase between the pulses, which replaces in our experiment the
relative phase between the condensate used in the theory, since now, due to
the fact that we are not independently condensing, but coherently transferring,
each state has one and the same phase. This is consistent with the theoret-
ical explanation given in chapter 6. It was the relative phase between the
condensates that determined how far away from the equator the state would
have gone once the constant phased weak coupling was to be applied, in turn

determining the state’s rotation speed, only now the roles between coupling
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and state are reversed. It is therefore not surprising that, if the initial phase
of the system is random, the effect we are trying to detect gets hidden and
smeared out. This is because decoherence acts to create a uniform distribution
of relative phases and rephasing does exactly the opposite, departing from it
toward a more peaked one. This is just a qualitative analysis, since we did
not run simulations for a less then ideal coherent system and we do not know
if the level of coherence found in our system is enough to destroy rephasing or

it only reduces its effect and changes its characteristic time.

The system is not quenched by the rephasing pulse

The theoretical background presented in chapter 6 assumed the system to be in
the ground state of a gapless Hamiltonian, which was a condition satisfied by
the independent condensation approach. Then, the sudden quench represented
by the weak rephasing coupling would have opened up a gap, exciting non-
adiabatic dynamics in the system. The coupling had to be weak, i.e less then
the chemical potential, to keep the newly formed Josephson Junction in the
Josephson regime and avoiding the Rabi regime that would have suppressed
rephasing. Unfortunately, creating a superposition by splitting the condensate
with a Ramsey /2 pulse with w = 27 - 1 kHz effectively quenches the system
much before the actual weak rephasing pulse is applied, opening the gap ef-
fectively at t=0, when only a single component is present and furthermore the
pulse strength does not satisfy the condition of being much weaker then the
chemical potential. The same is true for the adiabatic transfer to a 50:50 su-
perposition, with the difference that the pulse does satisfy the weak condition
and the system adiabatically evolves to a new state but now the rephasing
pulse can be seen as a mere continuation of the preparation pulse itself and
there is nothing "sudden” and the gap is opened when we only have a single
component, clearly not representing the Hamiltonian described by equation

6.31. These considerations cast a doubt on the observability of the dynamics,
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but more theoretical analysis is required for a final answer and we did not have

the resources to carry it out.

Rephasing happens on a longer timescale

A possibility might be that rephasing is actually observable in our set of exper-
iments, but it happens on a longer time scale. This might come from errors in
the predictions of the rephasing period as done in chapter 6 or simply through
the neglect of relevant effects that might increase the period itself. We did not
make observations for longer then 40 ms after the application of the rephasing
pulse, mostly due to considerations regarding the extent of the overlapping,
which is time dependent, asymmetric losses, heavily affecting state |2) and de-
coherence, especially in the quick /2 pulse case, that required a preliminary

evolution time of 150 ms.

Losses reduce the observability

We mostly focused our attention on how losses influence the oscillation dy-
namics and the overlapping between the two components. but there is another
aspect of losses that should be analyzed: losses cause the Bloch vector to move
away from the equator, thus modifying the subsequent evolution, as shown in
figure 7.22. From a qualitative point of view, the fact that our initial con-
dition is not represented by a circumference sitting at the equator removes a
symmetry from the problem and is expected to reduce the maximum value of
(cos ¢) and possibly affect the period of oscillations as well, since the equation
of motion in the new initial conditions has a non trivial dependence on the
initial conditions themselves, the rephasing coupling and the nonlinear coeffi-
cient. Quantitative information can only come from additional simulation for

initial conditions different to the equal split.
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Figure 7.22: Bloch sphere representation of a rephasing sequence for an even (a,b)
and an uneven (c,d) superposition of atoms in state |1) and |2) . The details of the
evolution have been explained in the caption of figure 7.3. Here the attention should
be directed to the fact that asymmetric losses takes the mean spin vector S away
from the equatorial plane. When an equal superposition is produced, the mean spin
vector S starts to rotate around the z-axis only after the rephasing coupling has been
applied, since S, = 0 on the equatorial plane. When asymmetric losses are present,
the vector starts to rotate independently of the application of the coupling. However
this can be seen as just an offset, since all the points in the relative phase distribution
will rotate counterclokwise by the same amount, which s given by the extent of the
losses in the time between the preparation of the superposition and the application
of the rephasing coupling. For this reason, rephasing is expected to happen anyway,
since what matters for rephasing is the difference in rotational speed of points that
occupy different positions on the circumference representing relative phase after it
has been rotated by the rephasing pulse. In this regard points further away from the
equator still rotate faster than points closer to the equator, but this time all the points
rotate in the same direction, since they are all in the northern hemisphere and we
have lost the symmetry that made points at the same distance from the equator but
on opposite hemispheres rotate with the same speed. Furthermore the dynamics are
made more complicated by the inversion in the rotation that the points will experience
after crossing the equatorial plane. We do not have quantitative results, but from a
qualitative point of view a departure from an even superposition causes a decrease

in the amount of rephasing observable.
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CHAPTER 8

Summary and future directions

In this thesis we have described the theoretical justification for the existence of
universal rephasing dynamics in a Josephson Junction originally proposed by Dalla
Torre et al. [2] for a double well (external Josephson junction) and by us extended
to the two-component BEC case (internal Josephson junction). Chapter 6 provides
an introduction to the physics of the Josephson junction, either internal or external,
presents the main results obtained by DallaTorre et al. and details the calculations
needed to extend the description to a two-component system. It also presents our
simulations of the universal rephasing dynamics for an internal Josephson junction
that appear to be very similar to the results obtained in [2]. The chapter deals ex-
tensively with a major difference from DallaTorre’s double well model, the nonlinear
coefficient y. CGPE simulations had to be performed to make predictions on the
magnitude of this crucial parameter, whose strength depends on the overlapping of
the wavefunctions as well as the derivative of the chemical potentials, both evolving
in a complex way.

We have attempted to detect the rephasing experimentally, using different approaches
described in depth in chapter 7. The first approach used independent condensation

of two hyperfine states in the same magnetic trap to create an initially incoherent
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(over many repetitions) system, to which the rephasing sequence was to be applied.
Difficulty related to the purity and the size of the condensates created with this
method forced us to abandon it in favor of a different approach we called ”engi-
neered phase rephasing”. At its core this experiment is a Ramsey interferometry
sequence in phase domain, where the relative phase of the Ramsey pulses changes
from realization to realization while the condensate superposition’s phase remains
constant, barring decoherence effects. We artificially ”engineer” a uniform relative
phase distribution, replacing nature’s spontaneous symmetry breaking precess dur-
ing condensation, which also have a uniformly distributed probability of picking any
phase between 0 and 27. The rephasing, triggered by the application of a weak cou-
pling in the form of an external microwave field, should have caused this distribution
to shift away from being uniform, with an increased probability for the system to be
in phase with the second Ramsey pulse (relative phase ¢ = 0). We did not observe
any change in the coherence factor (cos¢), which measure, as the name suggests,
the degree of coherence of the system. For all the experimental points taken, corre-
sponding to different duration of the rephasing coupling, the coherence factor was
very close to zero, signifying uniformity in the relative phase distribution and hence
incoherence. The coherence factor, from theoretical simulations, was expected to
increase to (cos¢) ~ 0.7 and then to oscillate around a mean value (cos ¢) ~ 0.4,
but none of this behavior was observed. We provided possible explanation to justify
the fact that we were not able to observe such phenomena in the end section of
chapter 7.

It is clear however that two-component BECs are not the optimal system to detect
such dynamics and the double well system originally proposed is in the opinion of
the author of this thesis is far better suited. The reason is simple: by forcing the
spatial separation of the two components and subsequent increase of the interaction
parameter in the two component BEC in order to replace the double well potential
as a way to control the optimal conditions for rephasing, we are giving away a lot

of flexibility and we are introducing additional decohering effects mostly due to the
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long waiting time. What can be done immediately after condensation in a double
well, needs at least 150 ms of evolution in a two-component BEC experiment , with
the corollary of losses, phase diffusion and lost contrast. The level of control over
the nonlinear coefficient y, fundamental in determining the rephasing characteristic
time, is markedly inferior than the tunneling strength that takes its place in the
double well case. The coefficient y is continuously changing, even during rephasing,
and its determination requires accurate knowledge of the state of the system just
before the coupling is applied. On the contrary, the tunneling strength is controlled
by the experimenter and kept constant throughout the measurements.

The rephasing dynamics expected from the theoretical model proved to be unde-
tectable under the experimental conditions. However the numerical simulations were
run under ideal conditions, without taking into account potentially relevant decoher-
ence effects. Additionally, the inability to condense directly in the two states without
a substantial thermal fraction forced us to explore different techniques, which do not
satisfy the sudden quench condition, casting a shadow on the possibility to use the
simulations to predict the outcome of the experiment.

Previous experiments at Swinburne have identified local oscillator instability as the
dominant source of decoherence limiting the coherence time of Ramsey measure-
ments. In chapter 5 we provided evidence on the implementation of a new microwave
system that reduces technical noise below the quantum limit previously estimated
by Egorov and Opanchuk. The coherence time of a thermal cloud in a Ramsey in-
terferometer has been extended to 12 seconds. The enhanced stability of the system
can be exploited in future experiments requiring high precision measurements and

long phase accumulation time.
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