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Abstract

The human effort to understand nature and the physical laws that describe it
is a profound drama, featuring both humans and natural phenomena as main
characters. One cannot tell this story without mentioning the phenomenon of
free-falling objects — whether allegedly dropped from the Leaning Tower of Pisa

or falling on the head of a man who will redefine physics.

Galileo’s investigations of free-falling objects marked a pivotal moment in the quan-
titative analysis of motion. Newton’s law of gravity is one of the most significant
generalizations made bridging the earthly experiences of humans and the skies
above. Years later, Albert Einstein, in his effort to extend special relativity to a
general theory, experienced a breakthrough when imagining a person in free fall,
leading to the realization that the individual would not perceive his own weight!.
This insight led to the formulation of the equivalence principle, which underpins

the general theory of relativity.

Another dramatic chapter unfolded with the birth of quantum mechanics, which
predicts that massive particles possess wave properties, can be assigned a wave-
length, and can be described by a wave function. The theory predicts that these
so-called matter waves should exhibit the wave phenomena of superposition, result-
ing in constructive and destructive interference, depending on the relative phase

of the parts of the superposition.

1“The breakthrough came suddenly one day. I was sitting on a chair in my patent office in
Bern. Suddenly a thought struck me: If a man falls freely, he would not feel his weight. I was
taken aback. This simple thought experiment made a deep impression on me. This led me to
the theory of gravity.” - Einstein, 1922 [1]



The phenomenon of matter-wave interference was first demonstrated in 1927 by
electron diffraction experiments by G. P. Thomson and A. Reid (Diffraction of
Cathode Rays by a Thin Film [2]) and Clinton Davisson and Lester Germer (Diffrac-
tion of Electrons by a Crystal of Nickel [3]). Later technological advancements led
to the development of matter-wave interferometers, in which a matter-wave is
split into two or more coherent beams, later recombined, resulting in interference.
Matter-wave interferometers, and particularly atom interferometers, have enabled

a range of technological applications and explorations of fundamental physics [4, 5].

Surprisingly, despite the rich history of matter-wave experiments and the many
efforts to unite the theory of gravity with quantum mechanics, the quantum phase

of a freely falling massive particle has yet to be directly measured.

In this work, we present a novel atom-interferometer that measures the phase
accumulation of a freely falling particle. The interferometer is based on the Stern-
Gerlach effect, leveraging a decade of Stern-Gerlach interferometry experiments in
which the necessary techniques were developed [6]. The interferometer operates
with ultra-cold atoms, coherently split into a superposition of free-fall and rest,

using a set of magnetic gradients and microwave pulses.

At the core of the experiment is the atom chip [7—10], composed of nano-fabricated
current-carrying wires. The atom chip enables fast and accurate control over
the magnetic fields and serves two key functions. First, it provides the fast and
accurate modulation of the magnetic field gradients required for the interferometer.
Second, it ensures the precise preparation of atoms, including stable trapping,
controlled release, and the collimation of the atom’s expansion once released from

the trap.

We are hopeful that this new experiment and its results will serve as a significant
tool in probing the interface of quantum mechanics and gravity; for example, it
was hypothesized that this phase is the manifestation of the equivalence principle
in quantum mechanics [11] and is suggested as a probe of quantum gravity [12].
Beyond our measurement, we hope that the introduction of this new experimental

scheme will serve as a base for further investigations of fundamental questions.

The thesis is organized as follows:

i



Ch. 1: Introduction to matter-wave interferometry and to the Stern-Gerlach inter-
ferometer.

Ch. 2: Theoretical background of the Stern-Gerlach interferometer and key exper-
imental techniques used in this work

Ch. 3: An outline of the experimental apparatus, including the upgrades intro-
duced during my PhD.

Ch. 4: An outline of the experimental procedure for achieving a Bose-Einstein con-
densation (BEC).

Ch.5: The main result of this work - measurement of the quantum phase of a
freely falling mass.

Ch. 6: Detailed description of the main result - both the experimental and theo-

retical aspects.

111
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Chapter 1

Introduction

1.1 Cold atoms and atom interferometry

The field of cold atoms has undergone rapid evolution since the first demonstration
of laser cooling of neutral atoms in 1982 [16]. This breakthrough paved the way for
numerous advances in atomic physics. Another pivotal milestone was the inven-
tion of the magneto-optical trap (MOT)! [20], which provided an efficient method
for cooling and confining neutral atoms using laser light and magnetic fields. In
1995, the field reached another major breakthrough with the first realization of
Bose-Einstein condensation (BEC) in dilute atomic gases[22, 23]. Today, cold
atom experiments have a wide range of applications, from precision metrology and
tests of fundamental physics[24, 25] to quantum technologies [26] and quantum
computing [27, 28]. They extend beyond traditional laboratory settings to experi-
ments conducted in microgravity environments such as sounding rockets [29] and

the Cold Atom Laboratory aboard the International Space Station [30]. Ongoing

LAn interesting anecdote - according to David Pritchard (in this video [17]), the idea that
atoms can be trapped with photon pressure came about due to a question from a curious student,
E.L. Raab, after a lecture by Alain Aspect. In the lecture, Aspect explained that atoms could
not be trapped by photon pressure due to the optical Earnshaw theorem [18]. As Pritchard
explained the theorem to the student, he found a loophole: atoms are not spherically symmetric
spheres, and their spin can be used to control their interaction with the laser light [19]. The
authors of [20] give credit to Jean Dalibard for “for giving us the seminal idea for this trapping
scheme”, and the common wisdom credits Dalibard for the invention of the MOT [21].



advancements in cold atom physics promise further contributions to fundamental

science and emerging quantum technologies.

1.2 Matter-wave interferometry

Interferometers have long played a crucial role in our investigation of nature and
physical phenomena. Particularly famous interferometer experiments range from
Young’s double slit experiment that explored the wave-like nature of light to the
Michelson-Morley experiment, with its brave attempt to measure the Earth’s move-
ment in the “luminiferous aether”. The Michelson-Morley experiment was one of
the experimental foundations of special relativity. Its ultimate extension in the
modern era is the Laser Interferometer Gravitational-Wave Observatory (LIGO),
a large-scale experiment designed to detect gravitational waves. LIGO success-
fully confirmed Einstein’s predictions a century after the introduction of the the-
ory of general relativity. The leap from optical interference to matter-wave in-
terference occurred around 1924, when the de Broglie hypothesis was confirmed
by the Davisson-Germer experiment which demonstrated the wave properties of
electrons, exhibiting a diffraction pattern similar to that observed in X-ray scat-
tering experiments. Atom interferometers were first developed in the 1990s by
using microfabricated matter gratings [31, 32], and laser light [33] as beam split-
ters. Nowadays, atom interferometers are commonly used for research in the field
of quantum mechanics and in precision measurements of gravity [34], fundamental
constants [35], as accelerometers for inertial guidance, and many additional appli-
cations. A detailed review of atom interferometry can be found in [4, 36], and an

extensive list of applications of matter-wave interferometers can be found in [37].

1.3 Review of the Stern-Gerlach interferometer

In 1922 Walther Gerlach and Otto Stern published their results on “The exper-
imental proof of directional quantization in the magnetic field”, which is now
famously known as the Stern-Gerlach (SG) experiment [38]. In the experiment,

a collimated beam of silver atoms passed through a region with a strong mag-



netic gradient. The results showed a splitting into two distinct beams, providing
clear evidence of the quantization of the magnetic dipole of the atom. The SG
experiment contributed to the discovery of quantum mechanical spin, the intrin-
sic angular momentum of particles. While the SG experiment demonstrated the
splitting of an atomic beam into two distinct beams, it did not demonstrate the
coherence of the splitting process; to prove coherent superposition, one has to show

an interference signal, by realizing an interferometer.

The idea of an atom interferometer based on the SG effect was envisioned soon after
the birth of quantum mechanics. For example: in 1951, David Bohm suggested
using permanent magnets to create four regions of magnetic gradients to split, stop,
reverse, and recombine the wave packets in a setup analogous to a Mach-Zehnder
interferometer. Bohm mentioned that such a device would require “fantastic”
accuracy [39]. Englert, Schwinger, and Scully analyzed the concept of a SGI in
more detail and coined it the “Humpty-Dumpty” effect [40-42] to emphasize that
exceptional precision would be required to split and recombine the wave packets
coherently. While these analyses labeled the SGI as an impossible or formidable
challenge, advancements in the field of cold atoms - mainly the production of BECs
and the development of the atom chip - have made the realization of the SGI
feasible. The demonstration in our group of coherent Stern—Gerlach momentum
splitting on an atom chip [43] launched a decade of Stern-Gerlach interferometry
experiments. A review of the Stern-Gerlach interferometer (SGI) experiments with

the atom chip can be found in [6].

The SGI experiments can be divided into two main categories according to the
experimental scheme and the output: (A) The “half-loop” SGI, whose output
is a spatial interference pattern, and (B) The “full-loop” SGI, whose output is
spin population. The first can be viewed as the atomic analog of the double-slit
experiment, while the second can be viewed as the atomic analog of the Mach-

Zehnder interferometer?.

2The division into the two categories is not fundamental but practical, as both schemes can be
engineered to produce the two kinds of outputs. For example, in the full-loop SGI, each output
port can exhibit a spatial interference pattern, again in analogy to the optical Mach-Zehnder
interferometer.



In this work, we present a new variation of the full-loop SGI; nonetheless, to
provide a complete overview, we also include a short review of the half-loop SGI

in the next section, as it was a crucial step in developing the full-loop SGI.

1.3.1 Half loop — spatial fringes

The half-loop SGI is an atomic analog of the double slit experiment, first splitting
the wave packets, then stopping their acquired momentum after some propagation
time, and finally allowing them to expand until they overlap and exhibit a spatial
interference pattern produced by the interference of two wave packets having the
same spin. The spatial interference fringe pattern contains information about the
visibility, periodicity, and phase of the interferometer. The coherence of the SG
splitting is demonstrated not only by the spatial interference pattern but also by
the phase stability of the interferometer. This is crucial - not just in order to
estimate the experimental drifts of the setup, but particularly when using a BEC,
because a BEC can produce randomly positioned fringes even with non-coherent
splitting. A detailed analysis of the stability of the Stern-Gerlach spatial fringe
interferometer is given in [44], demonstrating the high phase stability of atom
chip-based SGI, with a multi-shot fringe visibility of 90%.

Extending the spatial fringe SGI to include clock interferometry allowed for explo-
rations of fundamental physics. By placing each of the two wave packets in a clock
state, it was demonstrated that the “ticking” rate of the clocks gives rise to “which
path” information, affecting the fringe visibility [46]. Such a setup also measured
the quantum complementarity of clocks [47], extending the known quantum com-
plementarity relation for visibility and distinguishability V2 + D? < 1 [48] where V
is interference pattern visibility and D is the distinguishability of the two paths of
the interfering particle. In an experiment where the proper time is a “which path”
witness, the clock complementarity relation becomes V2 + (C' - Dr)? < 1 where
Dy is the ideal clock distinguishability of the paths, determined by the different
ticking rate in the two paths of the clock, and 0 < C' < 1 is the clock quality,
whereby Dj is due to the gravitationally induced red-shift of general relativity,

and C'is due to the quantum preparation of the two-level clock.
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Figure 1.1: Half-loop SGI: (a) The experimental scheme: The initial wave packet is put
in a superposition of two spin states by a /2 Rabi pulse. The wave packet is then split
into two arms by a magnetic gradient pulse. A second 7/2 pulse puts each arm again
in a superposition of the two spin states. The two arms are then stopped by a second
magnetic gradient pulse, and the wave packets are allowed to expand freely. The final
state of the wave packet is measured by absorption imaging. We note that due to the
curvature of the magnetic field forming the magnetic gradient pulse, the long pulse also
focuses the wavepackets, as depicted in the figure. (b) Spatial interference pattern from
the half-loop SGI. A multi-shot image made by averaging 40 consecutive interference
images using a BEC (no correction or post-selection) with a normalized visibility of
99%. (a) Adapted from [44], under license CC BY 3.0. (b) Adapted from [45].

During the late stages of my MSc and the early stages of my PhD, I was the
co-author (with equal contribution) of a paper on the ” Anomalous periodicity in
superpositions of localized periodic patterns,” where the periodicity of two over-
lapping spatial fringes originating from the interference of four wave packets was
studied [14]. Surprisingly, the periodicity of the fringes was found to be discon-
tinuous and piecewise rigid when scanning the central parameter of the system.
While the data taking and analysis of these results were a significant endeavor,
this finding was not the main focus of my PhD, and I do not include a detailed
description of it in this thesis. The reader is referred to the paper itself for more
details. The maturity of these and other [49] half-loop SGI experiments has paved
the way for exploring the full-loop SGI (from now on referred to as the SGI).


https://creativecommons.org/licenses/by/3.0/

Chapter 2
Theoretical background

In this chapter, we describe the theoretical background of the Stern-Gerlach in-
terferometer (SGI) and the equations governing the phase evolution of wave pack-
ets in linear and quadratic potentials. Next, we provide the background of key
experimental techniques used in this work: the 2D magneto-optical trap, delta-
kick cooling, and microwave transitions in the 3"Rb atom. The background on
other experimental techniques of cooling and trapping of atoms is well docu-
mented [7, 10, 50, 51], and the reader is referred to these sources or the theses

of our group members for further details [52-54].

2.1 Theoretical framework for the Stern-Gerlach

interferometer

2.1.1 Building blocks of the Stern-Gerlach interferometer

The SGI requires two fundamental components: (1) A particle that can be put in
a superposition of two spin states and (2) a set of magnetic gradients to split and

recombine the trajectories of the two spin states.

To describe the equations of the SGI, we name the two spin states |1) and |2) (not
to be confused with the Zeeman sub-levels mp = 1,2). Let’s assume we start with

the particle at state |1) with some initial wave packet shape ¥ (r,t = 0). We first

6



create a superposition of the two states by applying a 7/2 Rabi pulse and get
1
V2

We then apply the magnetic gradients to manipulate the momentum and position

[¥) = ¢(r)—=(11) +12)). (2.1)

of the wave packets. The wavefunction throughout the propagation in the interfer-
ometer is a superposition of two different spatial wave packets evolving separately

along the interferometer arms
1

¥ (r, 1) NG

[1(x, ) [1) + tha(r, 1)[2)]. (2.2)

After the magnetic gradients are applied we apply a second /2 pulse, and get

[¢(r,ty)) = %[wl(ratf)ﬂl) = 12)) + ¢a(r, tp)(I1) + [2))]- (2.3)

At this stage, we can measure the population in the |1) state. From a mathe-
matical perspective, a measurement of the population requires projection of the

wavefunction onto state |1), which gives

([ (r,ty)) = %[wl (r,27) + ¢a(r, tp)] (2.4)

and the measured population, i.e., fraction of atoms in the |1) state, is

Pom [ el )P = [ @rQink + 1P+ v o). (25)

The wavefunctions 1; and 1, are normalized, so that

/ &P [ = / dre [f? = 1 (2.6)

Plugging this into Eq. 2.5 we get

P = i [2 + /d3r (Vthe + ¢1¢§)} ; (2.7)
which gives
P = % 1+ V cos(Ad)] (2.8)



where

Ve iA? = /dg’rwf(r,tf)z/}Q(r,tf) (2.9)

is the overlap integral. Here, V' is the spin population fringe visibility, and A¢ is
the interferometric phase. To predict the output of the SGI, we need to calculate
the wave packet evolution in the interferometer arms and evaluate the overlap
integral in Eq.2.9. The experimental scheme of the full-loop SGI, as described

above, is shown in Fig.2.1.
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Figure 2.1: Experimental scheme of a full-loop SGI: A 7/2 Rabi pulse prepares the
atoms in a superposition (|1) 4 |2)) of the two spin states. Magnetic gradient pulses from
the atom chip (whose durations are labeled 17,75, T3,Ty) split the wave packet into a
superposition of two trajectories, later stop and reverse the relative momentum, and
finally recombine the parts of the superposition in momentum and position. Delay time
between the gradient pulses (Ty1,Ty2) allows control of the spatial separation of the two
wave packets. Finally, a m/2 pulse is applied, followed by a population measurement.
Scanning the phase of the /2 pulse results in spin population fringes, i.e., oscillations
in the spin population, as seen in the inset, where the data in blue is fitted to a sine
function (red). The spin population oscillations also appear when scanning a parameter
that affects the phase difference between the two arms. This scheme is the most basic one
for a full-loop SGI, while different combinations of Rabi pulses and magnetic gradients
can create variations of the SGI. Taken from [55].

In this work, we use two models to calculate a prediction for the output of the
SGI. The first model, described in Sec.2.1.2, is used in the numerical simulations

in Ch.5,6 to calculate the phase and visibility expected in the experiment. The



model provides a numerical solution for the wave packet parameters, including its
shape and phase, and takes into account atom-atom interactions and curvatures of
the potential. The second model described in Sec.2.1.3 assumes time-dependent
linear potentials and is used to derive the analytical prediction for the phase of
the experiment. In the second model, the phase is not affected by the wave packet

shape.

2.1.2 Unified model of wave packet evolution

Here we give a short description of the theoretical framework for calculating the
output of the SGI in the numerical simulations presented in this work. This section
is based on the model presented by Dr. Yonathan Japha in [56]. The model unifies
the limits of weakly interacting atoms, described by a Gaussian wave packet, and
strongly interacting atoms, described by the Thomas-Fermi approximation, into
one parametric framework. The model shows excellent agreement with precise

numerical calculations given by the Gross-Pitaevskii equations.

We divide our description of the framework into three main parts. First, we de-
scribe the wave packet parameters. Second, we describe the wave packet evolution
in a locally quadratic potential. Third, we show how these equations can be used
to predict the visibility and phase of the SGI.

The wave packet

The problem of wave packet evolution in the SGI can be separated into the evolu-
tion of the wave packet center position and momentum, and the evolution of the
wave packet relative to the center, (such decoupling of the center of mass (COM)
motion and the wave packet shape is possible as long as the potential is at most
quadratic [57], or in our case, is locally quadratic over the scale of the wave-packet

size). Thus we can write the wave packet as:
P(r,t) = P CRTSO/IG(r — R, 1), (2.10)

where R is the COM position, P = mR. is the COM momentum, S(t) is the action
along the classical trajectory of the COM, and ®(r,t) represents the wave packet



shape around its center, and can be written as [58]
i .
O(r,t) = |P(r,t)|exp 3 Z a;(0)r? + iinternal(t) | (2.11)
J

where 7;(j = 1,2,3) = z,y, z are the Cartesian coordinates centered at the COM.
Here, the first term in the exponent is the quadratic phase of the wave packet
around the center due to expansion or focusing, and the second term is an internal
global phase. The wave-packet COM and shape dynamics depend on the spin state
at any given time along each of the interferometer arms. Overall, at any time ¢,

the wave packet can be described by the following parameters:
e The spin state |F,mp),
e The position of the center of mass R; = (X,Y, Z).
e The velocity of the center of mass R; = (X,Y, Z).
e The width of the wave packet in each axis 0; = (0, 0y, 02),
e The rate of change of the wave packet widths in each axis ¢; = (64, 6y, 7.)

e The global phase of the wave packet ¢(t) = S(t)/h + @internar(t) (the phase
can be expressed in terms of an integral over time of the previous parameters

as we show in the next section).

Here we restrict the discussion to a model that does not include rotations. The
full theory, including rotations (which was used in the simulation), is not yet
published and will be detailed elsewhere in the future. Nonetheless, to provide a
broader overview, we include a brief description of the wave packet in the model

that includes rotations.

e The wave packet shape is initially defined by three size parameters o; =
[[ &rr?|®(r,t)]] Y2 for 4 = 1,2,3 being the axes of the trapping potential.

e Once released from the trap, the wave packet evolves with more general size
parameters matrix A;;(t) such that \;;(0) = o; 25;; but later evolution allows

off-diagonal components of A;; that represent the rotation of the wave packet.

A treatment of rotations of a BEC can also be found in [57].
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The wave packet evolution in a quadratic potential

We take a locally quadratic approximation for the potential.

Vie )~ VR + S VIR, (r; — By) + % SOVIR) (- By, (212)

J J

where

2
OV OV

- Y= _ 2.1
Tooor Y 87”]2- (2.13)

In a quadratic potential, the wave packet preserves its general shape and partic-
ularly retains its Gaussian shape if initially it is a Gaussian. The wave packet

evolution is governed by the following equations:

The center of mass position and velocity follow Newton’s equations of motion

mR; = —V/(R,t) (2.14)

The widths of the wave packet and their time derivatives evolve due to "free
expansion”, the atom-atom interaction, and the local curvatures of the potential:

12 (1 Ba,N )_Vj”(R,t)

— ’
07 005040, m

Go—
T 4Am?

o;, (2.15)

where 8 = 60/7°/2 = 0.4628, and a, = 5.29 nm is the s-wave scattering length of
87Rb, and N is the total number of atoms. The Rb®" mass is m = 1.44 x 1072° kg.

The global phase of the wave packet is divided into a phase related to the COM
coordinates and a phase that depends on the internal dynamics of the wave packet
(relative to the COM). The phase related to the COM is given by the action along
the classical trajectory of the COM:

Paction(t) = %S(t) = %/0 {%P ) -V (R () ,t')} dat’, (2.16)

The phase related to the internal dynamics of the wave packet around its COM is

1 t
Qpinternal(t> = _ﬁ/
0

given by

it + % > h—zl dt' (2.17)

2maj (t/)2
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where the first term is the potential energy due to the atom-atom interactions,
1

Oz0y02

which is proportional to the atomic density, and is given by i = h—ﬂj(asN B) %.
The second term can be considered as the potential energy of the wave packet with

regard to expansion around its center (related to the momentum uncertainty).

The evolution of the quadratic phase is given by
mo;
i(t) = —-. 2.18
o) = 5 2 (218)
Overall, the phase of the wave packet includes a global phase given by Eqs. 2.16,2.17,
a linear phase related to the momentum in Eq.2.10, and a quadratic phase in
Eq.2.11, which is related to the wave packet expansion and given in terms of the

wave-packet sizes and their time derivatives.

Given the above equations, calculating the evolution of a wave packet in the SGI
requires knowledge of its initial state and the potential acting on it. In the case
of the SGI, the potential is the sum of the magnetic and gravitational potentials.
The initial state of the wave packet is determined by the trap properties and the

number of atoms in the BEC, and is calculated using the model as presented in [56].

The overlap integral

The overlap integral (Eq.2.9) is calculated by numerically integrating the wave
packets of the two arms at the final time ¢;. The absolute value of the overlap in-
tegral gives the visibility of the SGI, and the argument of the overlap integral gives
the phase. While in some cases, the overlap integral can be calculated analytically

(as in Eq.2.21 below), in the general case, it requires a numerical calculation.

In Ch.5, we present the numerical simulations of the SGI using this model and

compare the results with the experimental data.

2.1.3 Linear potential model

In the case of a linear potential, both wave packets evolve in the same way around
their COM, so that the only difference between the two arms is the COM position

and momentum. It can be shown that under this assumption the phase of the SGI

12



depends only on the trajectories of the COM ([59] Sec. 3.3), and is given by

1 1
Ap=—AS — P, 2.1
¢ h S h avg 5R7 ( 9)

where AS = S; — S5 is the action difference between the two centers of the wave

packets, 0R is the spatial separation at time ¢;, and

1
— 3 Pave - R = Dpuey (2.20)

is the separation phase which appears if the two arms have some final spatial

separation, and which depends on the average momentum of the two arms P ,y,.

The decomposition of the phase difference into the action and separation phase is
not unique and depends on the frame of reference of the calculation; for example,
in a frame of reference that moves with the average velocity of the final wave
packets, the separation phase would vanish for any dR, as P,,, = 0. The action
difference is also frame-dependent, such that the total phase is independent of the

observer’s frame [60].

It should be noted that while the expression for the separation phase in Eq.2.20
is commonly used [60, 61], it is accurate only when both arms end with the same
wave packet shape, and is therefore accurate only for the linear potential model. In
other cases, the effect of imperfect recombination of the COM position of the two

wave packets on the phase has to be calculated directly using the overlap integral.

In the case of a linear potential, calculating the phase of SGI requires only a
calculation of the COM trajectories of the two arms. This model gives an analytical
prediction for the phase of the SGI. In Ch. 5, we present this analytical prediction

for the SGI phase and compare the results to the experimental data.

The visibility and the “Humpty-Dumpty” formula

The visibility is calculated from the absolute value of the overlap integral, which
depends on the recombination of the two wave packets. The precision with which
one has to recombine the wave packets is set by the spatial coherence length [,

and momentum coherence width [,. These measures of coherence are inversely

13



proportional to the momentum and position uncertainties of the atom, o, and o,
and may be defined as [15, 62]

where the momentum and position uncertainties satisfy the uncertainty relation
0,0, > h/2 (in this context, o, and o, are the uncertainties of the initial wave

packet before the expansion of the cloud, and as long as linear potentials are used).

If the two paths at the output port of the interferometer (time ¢ = t; ) are
displaced by a distance Az(t;), then the contrast is expected to drop as V' o<
exp [—1 (Az(ty)/ 12)2]. Equivalently, if the two paths are displaced in momentum
by Ap(ty), then the contrast reduces as V o< exp [—31 (Ap(tf)/lp)Q].

A limiting case that gives insight into the visibility reduction is the case of two
identical Gaussian wave packets with minimal uncertainty, separated by some final
spatial splitting Az and momentum splitting Ap at the time of measurement. In

this case, we get that

B 1 (0,Az S| 0. Ap, 2
V_eXp[_ﬁ( n > _§< h

and using the minimal uncertainty relation o,0, = h/2, we get

o[ (BY (2]

which is known as the “Humpty-Dumpty” visibility formula [41].

: (2.21)

For more information on the mathematical framework of atom interferometers in a
linear potential, one can find in [63] a representation-free description of atom inter-
ferometers in time-dependent linear potentials and in [37] another mathematically

rigorous description.
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2.2 2D-MOT

2.2.1 Background - techniques for loading atoms to the
MOT

The loading of atoms into a magneto-optical trap (MOT) requires a source of
atoms in the form of increased vapor pressure of the desired atomic species or in
the form of a cold atomic beam. Standard methods for increasing the vapor pres-
sure include heating alkali dispensers, heating an oven containing a sample of the
desired element, and light-induced atomic desorption (LIAD), in which UV light is
used to induce atomic desorption from the walls of the chamber (mainly from the
windows). Although these methods are easy to implement, each has its disadvan-
tages and limitations. For example, heating alkali dispensers is a slow process, as
it takes time to heat the dispensers, emit a sufficient amount of vapor, let the dis-
pensers cool down, and pump the pressure back to its base value. In our setup, the
process took 20 seconds, which is a typical time scale. Although fast modulation
of alkali vapor pressure on the 100 ms scale was demonstrated in a small vacuum
chamber with a volume of 290 ml [64], it was not manifested in the fast production
of BECs. On the other hand, LIAD can modulate the pressure much faster, as
shutting off a UV LED takes a few milliseconds, and the walls of the chamber act
as a pump, reducing the vapor pressure within a few tens of milliseconds. LIAD
works most efficiently on glass surfaces and is typically used in single-chamber
experiments [65, 66]. The main challenge in using LIAD is keeping the reservoir
on the walls saturated and finding a suitable dynamic equilibrium for the vapor
pressure. Loading from a cold atomic beam requires a dual-chamber design and
a few extra laser beams, but offers a significant improvement in the maximum
attainable loading rate and reduced pressure in the main chamber, resulting in
more atoms in the final MOT.

2.2.2 Background - equations of loading atoms to the MOT

The following rate equation describes the MOT loading dynamics:

dN

% =R-N (’}/bg + ’YRb) - ﬁla / d37, nQ(I‘, t), (223)
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where R is the loading rate, y,, = % and yrp = % represent the loss rates due
g
to collisions with the background gas and other rubidium atoms (with 7,y and 7y,

being the associated lifetimes), and /), is the coefficient for light-assisted collisions.

When loading atoms from atomic vapor into the MOT, the loading rate is given
by R = a PRy, where « is a constant representing the MOT trapping cross-section
and Pgp, is the partial pressure of 8 Rb. The loss rate due to rubidium collisions
is given by gy, = 8Prp. Substituting these relations into Eq. 2.23 and neglecting

light-assisted collisions, we obtain:

dN

T = aPrp — N (BPrp + Mg)

N = Ng [l —exp (—t/11)] (2.24)
« 1

Ng=—=(1—v%7L); — = BPrb + Vg -

B TL
where Ng is the steady-state number of atoms in the MOT, and 77, is the charac-
teristic loading time. From these expressions, we observe that while increasing Pgy,
boosts the loading rate R, it also increases the loss rates, which limits the maxi-
mum number of atoms in the MOT, and the lifetime of the magnetic trap following
the MOT. Typical loading rates R are around 107 atoms/s, with Ng ~ 107 — 10®
atoms at a pressure range of 1071° to 1078 Torr, and a loading time of 5 — 20

seconds.

When loading from a cold atomic source, such as a 2D-MOT, the flux ® of cold
atoms entering the MOT capture volume is introduced. In this case, the rate

equation becomes

%:Q—N(i#—é) —ﬁ/d3rn2(r,t). (2.25)
Since ® can be increased without significantly raising the pressure, this approach
allows for shorter loading times and a larger number of atoms in the MOT. Typical
values of ® range from 10® to 10'%, resulting in Ng values of 108 —10'° atoms in the
MOT. Thus, loading from a 2D-MOT leads to reduced loading times, increased
atom numbers in the MOT, and lower pressure in the 3D-MOT chamber. Con-
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sequently, we have incorporated a homemade 2D-MO'T into our setup, increasing
the loading rate by a factor of 50 and the number of atoms in the MOT by a factor
of 6, as described in Sec. 3.4.

2.3 Delta-kick cooling

The coherence length of a wave packet is given by [, = U—f; [44]. This means that it
is possible to increase the coherence length [, by reducing the momentum spread,
which amounts to cooling a thermal atomic cloud or collimating a wave packet.
While evaporative cooling involves a loss of atoms and cannot reduce momentum
uncertainty below the uncertainty limit of the ground state in the trap, it is possible
to exploit the lensing effect of a harmonic potential to further cool the atoms or,
rather, collimate them without a significant loss of atoms. This method, known as
delta-kick cooling (DKC) [67], has been shown to achieve lensing and collimation,
reducing the momentum width op of atomic clouds [67-69]. Temperatures as low

as tens of pico-Kelvin have been reported in [70-72].

The principle of DKC is as follows: Applying a harmonic potential with frequency
wg, for a short duration 75, will act as a focusing lens, with a focal time given
by 75 = w,%%k such that the classical trajectories of atoms expanding from a single
point for a duration 7; become parallel (collimated) after the pulse. As the initial
size of the atomic cloud is not zero, the cloud is not perfectly collimated, but its
momentum spread is reduced by a factor o' /o, (1) [73] where o? is the initial size

of the cloud and o,(7¢) is the size when the DKC is applied.

This implies that to achieve good collimation of the atomic cloud, three conditions
should be met. The first is sufficient expansion, as DKC depends on the correlation
between position and momentum that arises from the expansion of the atomic
cloud. Assuming that the rate of expansion is constant, this condition can be

written as
o, - TOF > 0!, (2.26)

where o, is the velocity spread of the atomic cloud, TOF is the time-of-flight
(TOF) from the trap release to the DKC pulse (not necessarily equal to 7y), and
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o' is the initial spread in the wave-packet position. As the ratio of the final size to
initial size increases, the correlation between position and momentum improves,
allowing a greater degree of cooling [73]. Thus, DKC benefits from a long TOF

and a small initial atomic cloud size.

In our experiment, the TOF is limited to one or two milliseconds, as the atoms
freely fall away from the chip. On the other hand, the size of the atomic cloud can
be decreased, for example, by adiabatically compressing the trap before its release
or by loading the atoms to the magnetic trap on the atom chip, giving rise to high

trap frequencies.

A different approach for achieving fast expansion rates is to apply a potential that
has a focusing effect as in [46], after which comes fast expansion. In recent work,
such an approach was used to realize a magneto-optical matter-wave telescope
[74] by applying a diverging magnetic matter-wave lens followed by a collimating

optical matter-wave lens.

We achieved efficient DKC in our experiment by loading the atoms to the atom
chip trap, which has a trap frequency of w ~ 27 x 1kHz, and allowing a TOF of
~ 1ms. While these numbers do not satisfy Eq.2.26, the DKC is still effective.
This is because the initial expansion of the BEC’s wave packet is not constant
but accelerated, due to the atom-atom interactions. After the short accelerated
expansion, the wave packet is equivalent to one that started from an initial size
much smaller than the minimal uncertainty wave packet size in the same harmonic
trap. Effectively, the size after 1 ms of expansion is much larger than the initial

“effective” size even though w - TOF ~ 1.

The second and third conditions define the parameters for optimal collimation.
If the harmonic potential is turned on for a short duration such that the atoms
hardly move during the pulse, the lens will be considered thin. The condition for
a thin lens is [75]

wpTe < 1. (2.27)

Given the thin lens approximation, optimal collimation is achieved when the TOF
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is matched with the focal time of the lens w27y, such that

1
TOF

In our experiment, w, ~ 27 x 1kHz, the DKC pulse duration is &~ 100 us, and

= Witk (2.28)

the TOF is &~ 1ms. These parameters imply that the thin lens and long TOF
approximations are not satisfied, and hence, the condition for optimal collimation

given in Eq. 2.28 is not exact.

Instead of strictly following the analytical approximated model above, or using
a more accurate and complex model’, we adopted an empirical approach. We
first set the TOF and the duration of the DKC pulse based on the experimental
constraints and then optimized the DKC by observing the size of the cloud in the
far field, 15 ms after the DKC, as a function of the DKC current. This approach
proved both practical and effective, resulting in successful DKC, as demonstrated
in Sec. 4.8 and Fig. 4.9.

2.4 Microwave transition in the 3’Rb atom

The microwave (MW) transition we use is a single photon transition between the
hyperfine states F' = 2 and F = 1 of the 555 ground state of the 'Rb. The
frequency of the transition AFEys/h = 6.834682610904290 GHz.

Applying a magnetic field shifts the energy levels of the atomic states according
to the Zeeman effect, creating five Zeeman sublevels in the F' = 2 state and three
in the F' = 1 state. We consider here only single-photon transitions, i.e., only
transitions with Ampg = 0, £1 are allowed due to the conservation of the angular
momentum. These nine allowed transitions are shown in Fig.2.2. For our new
interferometer scheme, we are interested in a two-level system where one of the
levels is mp = 0, which is magnetically insensitive in the first-order approximation

of the Zeeman effect. This leaves us with four distinct two-level systems, which

1Such a model for DKC in the case of an interacting BEC beyond the thin lens and long TOF
approximations was developed in [76]. During the experimental work on the DKC we were not
aware of this model, which seems to be a good approximation of our system and can be used to
further investigate and optimize our DKC in the future.
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are shown in Fig. 2.2 and in Table 2.1.
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Figure 2.2: (a) The nine allowed single photon MW transitions between the hyperfine
states of the 525, /2 ground state of the 8Rb. (b) The four possible two-level systems,
in which one of the levels is in the mpr = 0 Zeeman sublevel. The thicker line represent
the two-level system we use in our interferometer, 2,1) <> |1,0). The four transitions
are specified in Table 2.1.

AFE Two-level system
Ehf+NBB |2,1> < ‘1,0>
Ehf—i-,uBB |2,0> <~ |1,—1>
Fye — ILLBB |2,0> — |1, 1>
Ew —upB  [2,—1) < |1,0)

Table 2.1: The four possible two-level systems using the single photon MW transition,
in which one of the levels is in the mp = 0 Zeeman sublevel.

The transition is driven by a MW field with a Rabi frequency Qyw, which is
proportional to the square root of the MW power. The MW field is generated by a
MW source, amplified by a power amplifier, and delivered to the atoms by a MW
antenna. The MW field is applied for a duration of 7w, which is typically on the

order of a few microseconds.
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Chapter 3
The Experimental Apparatus

The setup produces a Bose-Einstein condensate (BEC) of 8Rb atoms, with 20 —
200 x 10% atoms in the condensate every 26 seconds. We use a dual-chamber de-
sign, where a cold atomic beam from a 2D-MOT feeds the 3D-MOT, from which
the atoms are loaded into a magnetic trap, where they are cooled by forced evap-
oration. While the apparatus was built during 2008-2009 and produced many
impressive results with the original setup, significant upgrades and modifications
were required to facilitate the new experiments described here. First, we installed
a new atom chip and rebuilt the atom chip mount. Later, we upgraded the system
from a single- to a dual-chamber by building our homemade 2D-MOT system. We
replaced the lasers and upgraded the laser system to facilitate the required power
and frequencies to operate the 3D-MOT and 2D-MOT, and replaced the imaging
system. While the previous experiments used radio frequency (RF) transitions
for interferometry with Zeeman sublevels within the same hyperfine level, we in-
stalled a new MW system for performing interferometry using pairs of states from

different hyperfine levels of the 8"Rb atoms.

Another significant upgrade was achieved by loading the atoms into the atom-chip
magnetic trap and reaching the phase transition in the atom-chip trap (instead of
the trap created by the distant wires of the mount). This improved the stability
of the final trapping position by a factor of 10 and enabled a critical enhancement

in the performance of the Stern-Gerlach interferometer (SGI). The electronics and
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experimental control for the SGI sequence were also upgraded. All these upgrades
were built on the "shoulders of giants” who built and operated the BEC2 system
throughout the years, and passed the knowledge and tradition to the next gen-
eration of students, as described in the dissertations of S. Machluf [53, 77], Y.
Margalit [45], and O. Amit [54].

In the following sections, we will describe the primary components of the experi-
mental apparatus, the vacuum system, the laser system, the 2D-MOT system, the

imaging system, and the atom chip.

3.1 Vacuum system

The vacuum system is a dual chamber design, with a 2D-MOT chamber and a main
science chamber, connected by a differential pumping tube that allows the transfer
of a cold atomic beam from the 2D-MOT chamber to the science chamber while
keeping the pressure in the science chamber low. The structure of the vacuum
system can be seen in Fig. 3.1. The vacuum system is made from 316LN stainless
steel which, due to its low magnetic permeability, minimizes the magnetic response
of the system. The main vacuum system is constantly pumped by a 300 1/s ion
pump (Varian Vaclon Plus 300) and a 200 1/s hybrid pump consisting of a passive
Non Evaporable Getter (NEG) and an ion pump (SAES NexTorr D 200-5). At the
core of the system lies the atom chip, which allows the creation of precise magnetic
potentials for trapping and manipulating the atoms. The surface of the atom chip

also serves as a mirror to reflect the beams of the 3D-MOT.

After installing the atom chip, we pump the system, initially with a dry scroll
pump and a turbo pump, starting from atmospheric pressure and reaching high
vacuum pressure (about 1078 Torr). At this stage, we can turn on the ion pump.
We then "bake” the system to a temperature of 115° C for a week to remove any
contaminants from the chamber walls. A titanium sublimation pump is used after
baking and at other times when required. The background pressure in our system,
measured using a nude Bayard-Alpert type ionization gauge (Varian UHV-24p), is
below 10~ Torr. The 2D-MOT chamber can be separated from the main chamber

using a gate valve to allow for easy maintenance of the 2D-MOT chamber. After
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installing the 2D-MOT, we pumped its chamber to high vacuum pressure and
then baked it at 80° C for three days. The base pressure in the 2D-MOT chamber
is ~1078 Torr, and the pressure during operation is ~10~7 Torr. The 2D-MOT
chamber is connected to a 21/s ion pump, which we occasionally activate when we
observe high pressure in the 2D-MOT chamber or a decrease in the loading rate
of the 3D-MOT. While we did not measure the dependence of the loading rate on
the pressure in the 2D-MOT chamber, it is well-documented that above a certain
pressure, the efficiency of the 2D-MOT decreases [78, 79].

3.2 Laser system

We built a new laser system to replace the old one based on two external cavity
diode lasers (ECDL), where each laser was locked to a signal from a polarization
spectroscopy setup. The new laser system consists of a homemade ECDL that
functions as a repumper and frequency reference and a Vescent D2-100-DBR . cooler
laser which is phase-locked to the repumper. The new system has a wider tuning
range, is far more stable, and maintains the laser frequency lock for a full week of

continuous data taking.

The cooler laser is amplified using a tapered amplifier, producing 1 W of laser
power. After amplification, it is split into multiple beams; 2D-MOT cooling and
push beams, 3D-MOT cooling, optical pumping, and imaging. The repumper laser
is split into two beams for the 2D-MOT and 3D-MOT. The different laser frequen-
cies are set using acousto-optic modulators (AOMs), and the power is controlled
using a combination of AOMs (for real-time power modulation) and half-wave
plates (for the initial distribution of power between the beams). After passing
through the AOM, each beam is coupled into an optical fiber and sent to the
2D-MOT and 3D-MOT chambers. The laser system is shown in Fig. 3.2, and the

beams are listed in Table 3.1.
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(a) Vacuum assembly side view: (1) Optical rail for the imaging system consisting of a CCD camera and two
lenses. (2) The top cross that holds the atom chip mount. (3) Magnetic bias coils for x, y and z axes.

(b) Vacuum assembly bottom view: (4) 300 1/s ion pump (Varian Vaclon Plus 300). (5) 200 1/s hybrid NEG
and ion pump (SAES NexTorr D 200-5). (6) Titanium sublimation pump. (7) 2D-MOT. (8) Atom chip, located
7mm above the center of the science chamber. (9) Feedthroughs for the Rb Dispensers.

Figure 3.1: Vacuum assembly from the side and bottom. Adapted from [80].
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Beam | Typical Detuning [MHz] | Power [mW] | Diameter [mm]

3D MOT cooling -15 190 30
2D-MOT cooling -12 90 25
2D-MOT push -12 1 3
Imaging 0 1 6
Optical Pumping 0 0.2 6
3D MOT repumper 0 2 30
2D-MOT repumper 0 2 25

Table 3.1: The laser beams used in the experiment. The frequency for each beam is
shifted using acousto-optic modulators. The detuning is from the 837Rb D2 line F = 2
to F/ = 3 transition, except for the optical pumping beam, which is tuned to the F =
2 to F/ = 2 transition, and the repumper laser which is tuned to F = 1 to the F/ =
transition. The repumper beams overlap with the cooling beams.

The stabilization of the laser frequency is achieved by locking the repumper laser
to the 8"Rb D2 line F = 1 to F/ = 1-2 crossover transition using polarization
spectroscopy. The cooler laser is then phase-locked to the repumper using the
Vescent D2-135 offset phase lock servo. An external reference input frequency is
set to achieve a red-detuning of 6.701376 GHz from the repumper laser. The phase-
lock loop (PLL) allows tuning the cooler frequency over a wide range of several GHz
without significant loss of power. The wide tuning range is an important upgrade
compared to controlling the frequency by an AOM, where the tuning range is a few
tenths of MHz at the maximum and also comes with a price in power reduction.
The upgraded tuning range enabled us to improve the performance of the final

laser cooling stage (optical molasses) and implement far-off-resonance imaging.

We measured the linewidth of the new laser setup and found it to be smaller than
1 MHz, which is within the requirements for our experiment (see Fig.3.3). The

result is comparable with measurements from [81].

3.3 Imaging system

The imaging system comprises a camera, two lenses, and the imaging laser beam.
Two Achromatic Doublet lenses of focal lengths 150 mm and 300 mm and 2-inch

diameter, magnify the image of the atoms by a factor of 2 (the 150 mm lens model
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Figure 3.2: Laser system: The two lasers are kept in a closed box to reduce temperature
fluctuations and light pollution. The cooler laser is a DBR laser (Vescent D2-100, 780
nm), and the repumper is a homemade ECDL. The beam paths, shown in red and yellow
lines, are as follows: The cooler path starts from the laser, passes through an optical
isolator, and is then split at a polarizing beam splitter (PBS), where a small fraction is
directed into an optical fiber and overlapped with the repumper for beat note detection.
The main beam is amplified by a tapered amplifier and then split at a PBS, where 30%
of the power is sent to the 2D-MOT setup for the 2D-MOT cooler and push beams. The
main beam exits the box and is directed to three AOMs (not shown) for the 3D-MOT
cooler, optical pumping, and imaging beams. The repumper path starts from the laser,
passes through an optical isolator, and is then split at a PBS, where a small fraction is
directed into an optical fiber and overlapped with the repumper for beat note detection.
The main beam is split again, and a small fraction is sent to the spectroscopy setup for
locking. The main repumper beam exits the box and is sent into an AOM, after which
it is split into two beams for the 2D- and 3D-MOT.

is AC508-150-B - f = 150.0mm, 2" Achromatic Doublet, ARC: 650 - 1050 nm).
The camera is a Lucid PHX200S, with a Sony IMX183 CMOS sensor and a pixel
size of 2.4 ym x 2.4 ym, which results in a pixel size of 1.2 pm x 1.2 pm in the object

plane. The imaging resolution is diffraction-limited; the numerical aperture (NA)
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Figure 3.3: Measuring spectroscopy broadening in our experiment: We capture atoms
in the MOT, release them, take an absorption image of the atoms, and measure the
number of atoms in the cloud. By scanning the laser frequency, we obtain a Lorentzian
due to the transition natural linewidth I" = 27 x 6.0666(18)MHz and the laser linewidth.
The width of the measured Lorentzian is v = 27 x (7.14+£0.2)MHz. As the convolution of
two Lorentzian functions results in a Lorentzian whose width is the sum of their widths,
we get an upper limit on the linewidth of the laser of ~ 1 MHz.

of the window is 0.126, which yields a diffraction limit of A\/(2NA) = 3.1 um. This

resolution was confirmed experimentally.

For most of the measurements in this work, we use on-resonance absorption imag-
ing, which we describe here in more detail. We also implemented fluorescence imag-
ing, dark-ground imaging, reflection imaging, and off-resonant absorption imaging
when required. Absorption imaging is especially useful when a well-calibrated
measurement of the density of the atomic cloud and the number of atoms is re-

quired.

The imaging beam is tuned to the FF = 2 — F’ = 3 transition. To get an
absorption image, we apply two separate imaging laser pulses, with and without
the atoms. In each pulse the intensity of the beam is recorded by the CCD. The

atomic density can be determined using the Beer-Lambert law
I(x,z) = Iy(z, z) exp [-OD(z, 2)], (3.1)

where OD is the optical density and I(x, z), Iy(z, z) are the CCD pixel intensities

in the imaging plane with and without atoms, respectively. The optical density is
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proportional to the column density of the atoms at a given position [ n(z,y, z)dy,
where x and z are the object plane positions and the imaging laser is incident
along the y-axis. The number of atoms N(z;, z;) imaged by a pixel is

N(zy, 25) = éOD(ac’Z-,zj), (3.2)

Oo

where A is the pixel area in the object plane, og = 3\%/27 is the cross-section for
resonant atom-light scattering for atoms in the mp = 2 Zeeman sub-level with o™
polarized light, and A ~ 780.241 nm is the optical transition wavelength for the Dy
electronic transition, (5251, — 52Ps2) of *'Rb [82].

Rolling shutter

It is important to note that this camera model uses the rolling shutter method
for sensor exposure, where each line of pixels in the sensor begins and ends its
exposure one readout duration later than the previous line'. This is not optimal
for our application, as only a fraction of the lines in the sensor captures the short

imaging pulse of duration 20-100 us.

We overcome this problem by using the rolling shutter with the global reset option,
in which all lines begin the exposure simultaneously, allowing us to capture the
imaging beam across the entire sensor at once. There is still a caveat: in this
mode, the exposure of each line ends one readout duration later than the previous
line, resulting in an increased exposure time as the line number increases. As long
as ambient light or undesired scattered laser light is prevented from entering the
camera, the increased exposure time has a negligible effect, as the signal on each
pixel is determined mostly by the duration of the laser pulse and not the exposure
duration. The rolling shutter with the global reset option provides good results,

with the only limitation being a low frame rate of a few frames per second.

As a general rule of thumb, cameras with a global shutter are more straightforward
for imaging experiments. However, a rolling shutter camera with a global reset

mode can achieve good results under these three conditions: pulsed imaging laser,

'Rolling shutters introduce the infamous rolling shutter effect, where moving objects create
interesting artifacts in the picture [83, 84]
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the frame rate is not a limiting factor, and the camera is well shielded from ambient

or stray light.

3.4 2D-MOT

In this section, we briefly describe the main components of our home-made 2D-
MOT: the magnetic fields, laser beams, atomic source, and the differential pumping
tube that connects the 2D-MOT to the 3D-MOT. We also provide a brief review
of the 2D-MOT optimization process. A detailed description can be found in [80].

3.4.1 Principle of operation of the 2D-MOT

To trap and cool atoms in the transverse direction, a 2D-MOT uses a combination
of magnetic fields and laser beams. In contrast to the 3D-MOT, where a magnetic
field gradient is created along all three axes, the 2D-MO'T creates a magnetic field
gradient along two axes, resulting in a line of zero magnetic field along the third
axis. Thus, the atoms can be trapped in the x-y plane (the transverse direction) but
move freely along the z-axis (the longitudinal direction). Such magnetic fields can
be created by two pairs of anti-Helmholtz coils. In Fig. 3.4, we present a simulation
of the magnetic field produced by such a pair of coils. A set of permanent magnets
is sometimes used instead of the coils. The laser system consists of two pairs of
red-detuned counter-propagating laser beams, which slow down the atoms and
apply the trapping force in the x and y axes. Some variations of the 2D-MOT
include laser beams along the z-axis, for example, adding a "push” beam along
the z-axis that pushes the atoms towards the 3D-MOT through the differential
pumping tube, thereby improving the coupling to the 3D-MOT. In the 2DT-MOT
configuration, a "retarding” beam is applied in the opposite direction of the push
beam creating optical molasses along the z-axis and cooling the atoms in the
longitudinal axis. A schematic drawing of the key components of a 2D-MOT is

shown in Fig. 3.5.

The atomic source can be alkali dispensers or an oven, reaching a vapor pressure
of 1078 — 10~7 Torr. The cold atomic beam is coupled into the 3D-MOT via a
long thin tube called the differential pumping tube, which connects the 2D-MOT
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Figure 3.4: Simulation of the magnetic fields in the 2D-MOT with a current of 1 A
through the coils: (a) The magnetic field in the transverse directions (x-y plane). (b)
The magnetic field in both the transverse (y-axis) and longitudinal (z-axis) directions.
At y = 0 along the longitudinal direction (z-axis), there is a zero magnetic field axis. (c)
The magnetic field in the transverse direction (x-axis). From this, we obtain a gradient
of 9.04 G/cm per 1 A. Taken from [80].

chamber to the main chamber. If the atomic beam is aligned correctly, centered,
and parallel to the differential pumping tube, the atoms can move through the
differential pumping tube from the 2D-MOT chamber into the 3D-MOT. The low
conductance of the thin and long differential pumping tube results in a pressure
difference of up to 5 orders of magnitude between the two chambers, which in
our case allows reaching ultra-high vacuum in the main chamber in the range of

10712 — 107! Torr.

3.4.2 Design and construction of the 2D-MOT

Our 2D-MOT apparatus can be seen in Figs. 3.6 and 3.8. The 2D-MOT is built
around a rectangular anti-reflective (AR) coated glass vacuum chamber, with di-
mensions of 100 mm x 30 mm x 30 mm, with a CF 40 flange (Precision Glass Blow-
ing). The glass vacuum chamber is connected to a spherical hexagon (Kimball
Physics), to which the dispensers, angle valve, and a 2 1/s ion pump are connected

through three CF 16 ports. The other side of the spherical hexagon is connected
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Figure 3.5: Schematics of a 2D-MOT: Two pairs of rectangular anti-Helmholtz coils
produce the required magnetic field. Two pairs of red-detuned, counter-propagating
laser beams apply trapping and cooling in the transverse direction. The differential
pumping tube connects the 2D and 3D MOTs. Plug and probe beams can be added for
controlling and probing the atomic beam. Adapted from [85].

to a flexible port aligner that allows the alignment of the whole 2D-MO'T setup to-
wards the 3D-MOT. The port aligner is connected to the gate valve, which allows
the isolation of the main chamber from the 2D-MOT chamber when required. The
differential pumping tube that connects the two chambers has a conical profile,
with a total length of 122.5 mm, starting with a diameter of 1.5 mm and expanding
up to 7mm. Two alkali metal dispensers (model RB/NF/3.4/12 FT10410 from
SAES getters) are connected via feed-throughs.

The magnetic field is produced by two pairs of anti-Helmholtz coils. The transverse

trapping beams have a total power of 90 mW, and the beams are distributed from
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two collimators, after which each beam passes through a \/4 waveplate that shifts
the polarization from linear to circular. Each beam is expanded by two beam
splitters and a right-angle prism, and then retro-reflected by a long prism that
acts both as a mirror and \/4 waveplate. The push beam is applied using a

collimator and an iris to limit the size of the beam.

Figure 3.6: The 2D-MOT vacuum assembly: A cross-section of the 2D-MOT vacuum
assembly, showing (from left to right) the gate valve, flexible port aligner, differential
pumping tube, hexagon connected to feedthroughs and an angle valve, and the glass cell.
In the center of the glass cell is a representation of the atomic cloud.

3.4.3 Optimization and results of the 2D-MOT

The first experimental signal from the 2D-MOT was the observation of a cloud
of atoms trapped along the z-axis, which became visible when the magnetic fields
and lasers were roughly aligned. The next step was to couple the atomic beam into
the differential pumping tube and, from there, towards the 3D-MOT and measure
the loading rate of atoms in the 3D-MOT. The initial loading rate we measured
was 10° atoms/sec, three orders of magnitude less than our goal of 10® atoms/sec.
While many parameters can affect the loading rate, such as the laser power and

frequency, the magnitude of the magnetic gradient, and the vapor pressure, the
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Figure 3.7: The 2D-MOT assembly from left to right: gate valve, flexible port aligner,
hexagon connected to an angle valve, and the ion pump. A square aluminum bracket
holds the coils and optics for distributing the cooling and the push beams.

main factor that significantly improved the loading rate by orders of magnitude
was the geometrical alignment of the atomic beam, in relation to the differential
pumping tube and the 3D-MOT.

The alignment between the atomic beam and the differential pumping tube is
determined by the line of zero magnetic field and by the alignment of the trapping

beams and push beam. We first optimized the currents in the coils so that the
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Figure 3.8: The 2D-MOT: (a) Side view of the 2D-MOT system. (b) Top side view at
a 45 degree angle. Labels: (1) Gate valve, allowing isolation of the 2D-MOT from the
main vacuum chamber for maintenance. (2) Port aligner, enabling angle adjustments
crucial for atomic beam alignment. (3) Dispenser feedthroughs. (4) Agilent Vaclon 2
L/s ion pump for pumping the 2D-MOT chamber. (5) Translation stages for holding
the 2D-MOT assembly and optimizing the atomic beam angle relative to the differential
pumping tube. (6) The collimator of one of the trapping beams, outputs a beam with a
diameter of 25 mm. After the collimator, a A\/4 waveplate allows the beam polarization
to be adjusted. (7) Base plate holding the coils assembly. (8) Differential pumping
tube with a gold mirror inside the glass cell. (9) Coils assembly, containing the coils
that generate the magnetic fields for 2D-MOT operation. (10) Assembly of the beam
expander system, consisting of two non-polarizing beamsplitters and a prism, guiding the
beam into the vacuum chamber and creating three capturing regions. (11) Collimator
for the push laser fiber. Taken from [80].

atomic beam was centered with the differential pumping tube, and by slightly
shifting the angle of the coils, we improved the loading rate by a factor of 10. This
procedure is similar to coupling light into a fiber and is very sensitive to minor
inaccuracies in the relative position and angle between the tube and the atomic
beam. Next, we aligned the trapping beams’ optical axis, which improved the
loading rate by another factor of 5. The next step was to align the angle of the
whole 2D-MOT setup using the port aligner to direct the atomic beam toward
the 3D-MOT, which resulted in another factor of 5 increase in the loading rate.
The final optimization was of the power of the trapping beams, current in the
coils, and fine-tuning the angle and power of the push beam, which resulted in an
impressive loading rate of 200-10° atoms/sec and a total number of 500 - 10® atoms
trapped in the 3D-MOT in 3 seconds. The pressure in the 2D-MOT chamber is
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in the range of 1078 — 10~7 Torr, and the pressure in the main 3D-MOT chamber
is in the range of 107! — 107'2 Torr. Compared to our previous single chamber
setup, which loaded 80 - 10° in 20 seconds, resulting in an average loading rate
of 4 - 10% atoms/sec, the loading rate using the 2D-MOT is higher by a factor of
50, and the final number of atoms in the 3D-MOT was increased from 80 - 10° to
500 - 10°. The dual chamber setup also has the benefit of lowering the pressure in
the main chamber, extending the lifetime of the atoms in the magnetic trap from
20 to 60 seconds.

3.5 Atom chip mount

The atom chip mount holds the atom chip and copper structure required for trap-
ping the atoms during the MOT and the magnetic trap, namely the U-wire and
Z-wire (and two straight wires which are not used for the trapping, but one of them
serves as an antenna for RF pulses). Due to a serious leak in the flange holding
the mount, we had to rebuild the mount on a new flange and install a new atom
chip. To rebuild the atom-chip mount, we produced a new MACOR piece that
holds the atom chip and copper structure (see Fig. 3.9); we also produced three
more atom chips. Once the mount was complete, including the MACOR piece,
all the dimensions of the copper structure were measured, and the atom chip was
glued to the MACOR. The next step was to bond the chip wires to the connecting
pins on the MACOR. We used a bonding gold ribbon of dimensions 25 x 250 pm,
where 3-5 ribbons were bonded per pin (see Fig. 3.9). I performed the bonding
on the West bond 7476E wire bonder, in which bonds are made by the wedge-
wedge technique using ultrasonic energy to attach wire at room temperature. The
bonding tool is manually guided by the operator using hand/eye reference to bond
targets. Several test runs were made to optimize the bonding parameters, such
as the bonding force, time, and power, and to ensure that the bonding would be

reliable and robust.
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3.5.1 Thermal management of the atom chip mount

As the mount relies on 50 cm copper rods, increasing the temperature of the mount
results in an expansion of the rods, which pushes the copper structure closer to the
chip and eventually breaks the chip. Thus, the heat management of the mount,
though being a technical and mundane issue, becomes a crucial element in the
experiment affecting its safety and the experiment cycle time. We designed a new
atom chip mount to circumvent this problem by employing a design that allows for
the expansion of the copper rods without pushing the copper structure toward the
chip, but the production of such a mount was found to be too time and resource-
consuming. We therfore decided to use the existing mount and improve the heat
management instead of producing a new mount. With this approach, plus the
faster MOT loading, we were able to reduce the experiment cycle time from 60 to

26 seconds.

It should be noted that after introducing the 2D-MOT and improving the heat
management, another factor two reduction in the cycle time was possible with
further optimization of the evaporative cooling (for example, performing the evap-
orative cooling fully in the atom chip trap). However, as the 26-second cycle time
was sufficient for the goals of this work, we decided not to invest more time in
this matter. For experiments that require a high repetition time of 1Hz, the tech-
nology for rapid BEC production is available [86, 87] and can be implemented for

Stern-Gerlach interferometry.

The concept is simple: reduce the temperature of the feedthrough, which will allow
for better heat transfer from the mount to the environment; this is achieved using
a heat sink connected to the feedthrough. As heat is produced not only in the
mount (vacuum side of the feedthrough) but also in the wires leading from the
power supply to the mount (air side of the feedthrough), we also improved the
heat management in this area. We increased the diameter of the wires from 5 mm
to 8 mm, increasing the cross section by a factor of 2.56. As even these wires heat
up during the cycle, we built a homemade custom ”super-wire” for the last section
of the wire, made from seven Kapton-insulated copper wires, each with a diameter

of 3mm. These are connected at each end but well separated along the length of
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the wire to allow for good airflow (see Fig. A.2). The super-wire has a cross-section
similar to the 8 mm diameter wire, producing the same amount of heat per unit
length. However, it has a 2.6 larger surface area and only a thin layer of insulation,
which allows for much better heat transfer to air. The super-wire can carry a DC
current of 90 Ampere without significantly heating due to its large surface area
(we measured an increase of 1° C above the ambient temperature at this current).
To expedite the evacuation of heat from the vacuum side, we installed heat sinks
on the air side of the feed troughs and mounted three fans to blow air onto the
heat sinks. This solution proved to be very effective in terms of both time and
resources, as well as in the improved safety and cycle time of the experiment.
Using these straightforward upgrades, we could run the system at a higher duty
cycle (the Z-wire is on for 12 seconds out of 26, compared to the previous 12 out
of 60). We also use an active protection system in which the temperature of the
feedthrough is monitored, and if it passes a defined threshold, a TTL signal turns
off the relevant power supply. More details may be found in the appendix A.

3.6 Atom chip

The atom chip is the core of the experiment as it provides the magnetic potentials
not only for applying the SG forces during the interferometer but also for the DKC
and the final magnetic trap. All three applications require accurate time-dependent
potentials, for which the atom chip is an optimal tool. The nano-fabricated wires
on the atom chip allow for accurate spatial control of the magnetic field, and the
low inductance of the wires, together with custom-made electronics, enables fast,

accurate modulation of currents in the temporal domain.

The atom chip is nano-fabricated from a single piece of silicon (30 mm x 25 mm)
with a thickness of 500 ym, on which a thin gold layer of 2 um is deposited. The 2D
array of wires is etched onto the gold surface. Our design of the chip wires consists
of three sets of wires, totaling nine. Three parallel wires at the chip’s center
provide the gradients for applying the SG forces during the SGI. The magnetic
trap consists of two straight wires for confinement along the y-axis and four U-

wires for confinement along the x-axis. The chip is shown in Fig. 3.10, and the
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wire scheme is shown in Fig. 3.11.

To test the current carrying capacity of our chip, we measured the increase in

resistance of the wires while running a DC current. The two straight wires showed

an increase of 20% at a current of 730 mA, corresponding to a temperature increase
of 60° C. The U-wires showed an increase of 20% at a current of 800 mA. These
limits allow us to safely run the experimental scheme, which requires a current of
700 mA in the U-wires and 500 mA in the straight wires.

Figure 3.9: The atom chip on its mount: The chip is glued to the MACOR block that
also holds the copper structure. The ribbon bonding between the chip and pins is visible
at both edges of the chip, and the connection of the copper structure to the leads is
visible at the top and bottom.

3.6.1 Protection of the atom chip

The thin wires of the atom chip can quickly heat up and burn if a DC current
of approximately 1A passes through them. To prevent this, we use a simple
homemade protection system with two fast-blowing fuses (5x20mm fast-acting
glass body cartridge fuse 0.4A rating, model, Littelfuse 0217.400MXP). One fuse
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Figure 3.10: Optical picture of the atom chip: The zoom-in shows the center of the
chip, where all nine wires lie. The scheme of the wires and their dimensions is given in
Fig. 3.11.

is embedded in the power supply output, and another is installed just before the
feedthrough leading to the atom chip. The fuses were carefully chosen and tested

so that they burn before any risk of damaging the chip rises.
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Initially, we designed and built an active protection system in which the resistance
of the chip is monitored, and if it exceeds a defined threshold, a TTL signal turns
off the relevant power supply. However, we found that such a system was too
complicated and could introduce noise in the atom chip wires. Therefore, we
decided to use a simple fuse-based passive protection system, which proved to be

very effective.

As in the case of thermal management of the atom chip mount, this appears to be
a mundane, technical issue. However, it is crucial for the safety of the experiment
and the longevity of the atom chip. A burnt chip completely stops the experiment
and necessitates opening the vacuum, followed by a time and resource-consuming
process of installing a new chip, reaching ultra-High Vacuum (UHV), realigning
some of the optics, and more. Thus, investing time and effort into an appropriate
protection system is a simple and cost-effective measure that significantly boosts
the productivity of experimental systems. This indeed saved our atom chip several

times from human and machine errors.
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Figure 3.11: The atom chip wires scheme: The numbers indicate the wire pads. The
arrows indicate the direction of the current. The magnetic trap is formed by 4 U-wires
connected in series, and two straight wires connected in series as well. The gradients for
the SGI are produced by three straight wires, where the current in the two outer wires
has an opposite polarity relative to the middle one, creating a magnetic quadruple. The
current flow for the U-wires is (1 — 3) — (17,19) — (21 — 23) — (37 — 39), for the
two straight wires (7 — 27) — (13 — 33), and for the SG wires (5 — 25) — (31 — 9) —
(15 — 35).
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Chapter 4

BEC Production

In this chapter, we detail our experimental sequence for producing the BEC, includ-
ing the MOT loading, magnetic trap, evaporative cooling, and the phase transition
to BEC. In the final section, we describe the delta-kick cooling (DKC) process that
allows us to collimate the expansion of the BEC and to reach an effective temper-
ature of 3.3nK.

4.1 MOT loading

As described in Sec. 3.4, we load the atoms to the 3D-MOT from the cold atomic
beam produced by the 2D-MOT. The loading rate is 200M atoms per second, and
we load up to 500-600M atoms. The number of atoms in the 3D-MOT vs time is
shown in Fig. 4.1. While the number of atoms starts to saturate after three seconds
of loading, we set the loading duration to five seconds to render the scheme less
sensitive to drifts or fluctuations in the loading rate. Such drifts may occur due
to changes in the parameters, such as the vapor pressure of the 2D-MOT and the

alignment or power of the beams.

During the loading stage, the 3D-MOT cooling beams are red-detuned by 3I', and
the 2D-MOT cooling beams by 2I". The current in the U-wire is 35 A, and the
current in the y and z bias coils is 10 A and 3.7 A, resulting in a magnetic field

of roughly 8 G and 3 G respectively. At the end of the MOT loading, we apply a
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short duration (20ms) of gray MOT, by increasing the detuning to 5I" in a 10 ms

ramp, which results in a temperature of ~ 150 uK.

To improve transfer into the magnetic trap, we compress the MOT and cool the
atoms by applying gray MOT and optical molasses. To achieve compression, the
current in the U-wire is reduced from 35 A to 32 A, while the y-bias field is
increased from 10 G to 14 G. This occurs in a ramp with a duration of 90 ms to
ensure that the transfer is adiabatic, which helps reduce oscillations and heating
of the cloud. Fig. 4.2, displays real-color images of the atoms in the MOT during
the loading and compressed MOT stage.

At the end of the compression, the MOT is ~ 2 mm below the chip, while the
initial position of the MOT is ~ 7 mm below the chip.

8
6><10 |

Number of Atoms

0 1 2 3 4 ) 6 7 8 9 10 11 12
3D MOT Loading Duration [sec]

Figure 4.1: 3D-MOT loading: The number of atoms trapped in the 3D-MOT as a
function of time. After one second, more than 200 - 10% atoms are trapped; after 3
seconds, 500 - 10% atoms.
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Figure 4.2: MOT loading time lapse: Real-color images taken with a standard smart-
phone camera. The time shown below each picture indicates the duration from the start
of loading. The MOT is located a few mm below the chip and increases in size from
image to image. The shiny red spots and columns at the top are the pins on the atom
chip mount. The last two pictures display the compression of the MOT.

4.2 Gray MOT and optical molasses

We apply gray MOT and optical molasses to cool the cloud further and enhance
the initial phase space density of the atoms in the magnetic trap. The gray MOT
is applied during the last 10 ms of the compression and starts by increasing the
detuning of the cooling light to 121" in a ramp of 3ms. For the optical molasses,
we first turn off the laser beams and the magnetic fields. After 1.5 ms, we turn on
the laser beams for a short 1.5 ms pulse. We detune the cooling beams in a ramp
with a duration of 1.5ms from 5I" to 27I". At the end of the optical molasses, the
temperature of the atoms reaches 50 uK in the x-axis and 16 uK in the y-axis. We
determine the temperature by measuring the size of the cloud vs the time of flight

of the atoms after the molasses stage, as shown in Fig.4.3. The enhancement of
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Figure 4.3: Temperature after the optical molasses via time-of-flight: The atomic cloud
freely expands while falling under the influence of gravity. The cloud expands due to the
kinetic energy of the atoms, which depends on their temperature. We image the cloud at
different time-of-flight values and fit each image of the cloud with a 2D-Gaussian to get
the Gaussian width as a function of time. By fitting 02 = %tQ +02 [53] on the data, we
obtain T, =~ 50uK and T, =~ 17uK. The vertical difference between the two axes reflects
the initial size difference of the cloud in the radial and longitudinal directions caused by
the asymmetry of the compressed MOT. The difference in temperatures indicates that
the cloud is not in thermal equilibrium.

the optical molasses, i.e., shortening it and reaching lower temperatures compared
to the previous setup [45]), is possible due to the wide tuning range of the cooler
laser. However, the efficiency of the optical molasses is still limited, mainly due to

residual magnetic fields and the imbalance of the laser intensity in the reflection

MOT setup.

4.3 Optical pumping

In the MOT and optical molasses, the atoms are distributed evenly over the 5
Zeeman sublevels of the F' = 2 ground state. As only the mp = 1 and mp = 2
are trappable in the magnetic trap, we apply a stage of optical pumping 300 us
after the molasses stage by applying a short 700 us pulse of o™ polarized laser light
along the y-axis. The magnetic bias field in the y-axis defines the quantization axis
of the Zeeman sub-levels and is produced by the y-bias coils in a ramped manner

as part of the magnetic trap loading. The optical pumping beam has a power of
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Figure 4.4: Demonstration of optical pumping: To estimate the population in the
different Zeeman sub-levels, we apply a strong magnetic gradient using the z-wire, which
separates them. The mp = 0 state falls under gravity, while mrp = 1 and mp = 2 are
pushed downward with different accelerations (mp = 2 experiences a force twice as
strong). The mp = —1 and mp = —2 states are pushed upward toward the atom chip
and are not visible in the image. The left image shows the distribution between the
Zeeman sub-levels without optical pumping. The optical pumping is activated in the
image on the right, efficiently transferring most of the atoms to the mpr = 2 state. We
optimize the optical pumping parameters by minimizing the number of atoms in the
mp = 1 state. Taken from [80].

~ 200 uW and a diameter of 6 mm and is tuned to be on-resonance with the F' = 2
to [ = 2 transition. During the optical pumping pulse, the detuning is varied
linearly from approximately —I" to I" to ensure coverage of the resonance frequency
of the transition during the ramping of the y-bias field. Due to the closed-cycle
optical transition, repeated excitation-emission cycles polarize the atoms in the
|2,2) state, which is a dark state, thus limiting the interaction of the atoms with
the laser. As some atoms decay to the F' = 1 state, the repumper is also active
during the optical pumping stage and is shut off 500 microseconds after the brief
optical pumping pulse. Fig. 4.4 demonstrates the efficient transfer of the atoms to
the mp = 2 state of the optical pumping pulse. After the optical pumping pulse,
the temperature is 90 pK in the x-axis and 75 K in the z-axis.

4.4 Magnetic trap

We create an loffe-Pritchard trap using a Z-shaped wire and a homogeneous bias

field in the y direction, along with an additional homogeneous bias field in the x
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Figure 4.5: Measurement of the temperature after loading into the magnetic trap:
The atoms are released from the trap and freely expand. The measurement, fitting, and
analysis are the same as in Fig. 4.3 and yield T, ~ 290uK and T}, ~ 312uK.

direction to control the minimum value of the magnetic field. We “mode match”
the trap with the compressed MOT), i.e., match their position and frequency. We
first optimize the field to maximize the number of atoms loaded into the mag-
netic trap and then fine-tune them to minimize the temperature of the cloud after
loading, thus maximizing the initial phase space density. For the mode matching
stage, the current in the Z-shaped wire is 90 A, and the bias fields along the y-axis
and x-axis are set to about 55G and 25 G, respectively. We load about 100 - 10°
atoms into the magnetic trap with a temperature of approximately 300 pK (see
Fig.4.5) and a lifetime of about 60 seconds. After loading the atoms into the trap,
we begin the evaporative cooling and gradually change the fields for three seconds
to get the trap into its final position and frequency for the evaporative cooling
stage, with 62 A in the Z-shaped wire, and 45G and 35G along the y-axis and

x-axis respectively.

4.5 Evaporative cooling

After loading the atoms into the magnetic trap, we start the evaporative cooling
stage. The RF frequency starts at 50 MHz and is exponentially lowered within
125 in a series of steps to a final value of ~ 0.415 MHz where the phase transition

to a BEC is reached. Alternatively, to prepare the atoms for transfer to the atom
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Figure 4.6: The phase transition to BEC: CCD images of the atoms 26 ms after release
from the z-wire trap, showing the phase transition to BEC. The frequencies above each
image indicate the frequency of the last RF ramp. We observe the phase transition
from a thermal cloud at 0.5 MHz to a BEC with high purity at 0.415 MHz. The thermal
cloud exhibits isotropic expansion, while the BEC exhibits anisotropic expansion. The
thermal distribution of the kinetic energy determines the expansion rate of the thermal
cloud. In contrast, the expansion rate for the BEC is determined by the trap frequency
and the repulsive atom-atom interactions.

chip trap, we set the final value of the RF to 0.5 MHz, and load the atoms to the
atom chip trap where the final evaporation stage is applied. The lowest RF fre-
quency, which controls the final cloud temperature and BEC purity, is occasionally

optimized to compensate for small variations in the magnetic fields.

4.6 Phase transition to BEC

As the temperature of the cloud is reduced below the critical temperature (~
200nK), we observe the phase transition from a thermal distribution to BEC, as
seen in Fig.4.6. The thermal cloud exhibits isotropic expansion, while the BEC
exhibits anisotropic expansion. The thermal distribution of the kinetic energy
determines the thermal cloud expansion rate. In contrast, the expansion rate
for the BEC is determined by the trap frequency and the repulsive atom-atom
interactions. The anisotropic expansion is demonstrated in Fig.4.7, where we
image the BEC in free fall.

We measure 200 x 10® atoms in the condensate, which is a 20-fold increase in
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the number of atoms in the BEC compared to the previous setup [45]. This
enhancement was made possible due to the upgrades mentioned in this chapter
and Ch.3. The dual chamber design increases the number of atoms in the MOT
and the lifetime of the atoms in the magnetic trap. The improved optical molasses
and optimized trap loading further increase the initial phase space density of the

atoms in the magnetic trap, resulting in a higher number of atoms in the BEC.

4.7 Phase transition to BEC on the atom chip

To transfer the atoms from the z-wire trap to the chip trap, we set the last ramp
of the evaporation stage in the z-wire trap ~ 0.1 MHz above the phase transition,
and transport the z-wire trap closer to the chip in an adiabatic manner, with a
ramp duration of 250 ms. We then gradually reduce the current in the z-wire and
y-bias while ramping up the currents in the chip trap during 500 ms; at this point,
the z-wire is at zero current, and the atoms are trapped in the atom chip trap.
Following this, we increase the current in the chip wires and y-bias during 400 ms

to reach the final chip trap configuration.

At this stage, we apply one second of RF evaporation, leading to the phase tran-
sition to a BEC (see Fig. 4.8), with 15 — 30 x 10® atoms in the condensate.

To quantify the stability of the chip trap, we measured the shot-to-shot fluctuations
in the trap position 2ms before release. We found the standard deviation to be
0.1 um (see Fig.6.12). The high stability of the chip trap improves the visibility
and phase stability of the SGI.

4.8 Delta-kick cooling

Once we release the BEC from the trap, it expands rapidly along the z-axis due to
the high trapping frequency along the transverse axes, and the high atomic density
in the trap. This rapid expansion presents both a challenge and an opportunity.
The faster expansion rate results in a smaller coherence length of the BEC, as the
coherence length is inversely proportional to the momentum spread of the wave

packet (as explained in Sec.2.1.3). However, this rapid expansion enables the ap-
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Figure 4.7: BEC in free fall: The images show the atoms free-falling due to gravity;
the time above each image indicates the duration of the free fall after release from the
magnetic trap. The BEC exhibits an anisotropic expansion, as opposed to the isotropic
expansion of a thermal cloud.
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Figure 4.8: Phase transition to BEC on the atom chip trap: CCD images of the atoms
20 ms after release from the atom chip trap, showing the phase transition to BEC. The
frequencies below each image indicate the frequency of the last RF ramp. We observe
the phase transition from a thermal cloud at 0.6 MHz to a BEC with high purity at
0.433 MHz.

plication of DKC, which exploits the correlation between position and momentum

that develops during the wave packet’s expansion (see Sec. 2.3).

We leverage the rapid expansion rate and apply DKC to the BEC, reducing its
expansion rate. We first allow the BEC to expand freely for 1ms, then turn on
the trapping potential for ~ 100 us. Such short delta-kick operation of the trap is

possible thanks to the low inductance of the chip wires.

The exact values are the following: We release the atoms from the trap by shutting
off the current in the chip trap with a linear ramp of 30 us. The finite duration
of the ramp gives the BEC some upward momentum. After a time of flight of
1030 us, we apply DKC by running a pulse of current through the straight trap
wires for 110 pus with a current of 470 mA. The shape of the pulse is a trapezoid

with a linear rise of 9 us and a linear fall of 22 us.

The DKC collimates the BEC along the z and y axes and reduces its expansion
rate to an effective temperature of 3.3nK along the z-axis. Fig.4.9 shows the
temperature with and without DKC, and Fig. 4.10 shows the raw images from the
CCD for a visual representation of the collimation effect of the DKC. A desired
side effect of the DKC is a momentum kick to the BEC that launches it upward
toward the chip.
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We optimized the DKC current by observing the BEC in the far field (15 ms after
the trap release). We measured the size of the BEC along the z-axis vs. the
DKC current (Fig.4.11) and found values that give minimal wave packet width at
470 mA, and 550 mA. For our experiments, it is favorable for the atoms to begin
with a velocity upward against gravity, so we chose the lower value of 470 mA for

the DKC current, as a lower current results in a push upward.

The DKC reduces the expansion rate of the BEC along the z-axis to 0.4 um/ms,
which corresponds to an effective temperature of 3.3nK (Fig.4.9). The upward
momentum propels the atoms into a ballistic trajectory, reaching a maximum
height 2930 4 100 us after the trap release.

\
Free expansion -
T, =108 + 5nK

Delta kick cooling _|
T, =33+0.4nK

I \ I \ I
5 10 15 20 25 30 35
TOF [ms]

Figure 4.9: Temperature measurement with and without DKC: The expansion rate
with DKC is 0.4 um/ms, corresponding to an effective temperature of 3.3 nK. For free
expansion without DKC, the expansion rate is 3.1 um/ms corresponding to an effective
108 nK. The inset shows the CCD image of the atoms with and without DKC after time
of flight of 26.5ms and 25ms, respectively. Taken from [13].
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Figure 4.10: DKC vs free expansion: CCD images of the atoms during the time of
flight after trap release for ¢t = 8,14,20,28 ms. (a) Free expansion without DKC. The
BEC rapidly expands along the z-axis. (b) Expansion with DKC. The BEC is collimated
along the z-axis, as well as pushed upward.
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Figure 4.11: Collimation of the BEC vs the DKC current: We apply the DKC pulse
and measure the size of the BEC (Gaussian width along the z-axis) after a time of flight
of 15ms. The minimum size is achieved at 470 mA and 550 mA.
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Chapter 5

Measurement of the quantum

phase of a freely-falling mass

This chapter presents the background and main results of the work leading to the
paper “Observation of the quantum equivalence principle for matter-waves” (arXiv
preprint arXiv:2502.14535 (2025) [13]).

The next chapter (Ch.6) provides an in-depth description of the experiment and

the main experimental and theoretical results.

5.1 Introduction

Here we present an experiment that measures the quantum phase of a freely-falling
massive particle. The experiment is based on a novel matter-wave interferometer,
in which ultra-cold atoms are put in a superposition of two trajectories: a freely-
falling trajectory (ballistic arm) and a stationary trajectory (reference arm). The
phase difference between the two arms is measured, revealing the characteristic #3
dependence of the phase on the free-fall time ¢. To honor Galileo’s contribution
to the study of free fall, we name our new interferometer the Quantum Galileo
Interferometer (QGI).

The prediction that an accelerated object, particularly a free-falling object, ac-
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quires a phase ¢ o< mg?t3, was previously made by researches such as Darwin,
Kennard, and others [88-95]. Our experiment serves as a direct test and confir-
mation of these predictions. This phase plays a role in various publications in
the context of Einstein’s equivalence principle and Galilean invariance in quantum
mechanics [96-100]. Recently, it was hypothesized to be a gauge phase between
a system at rest in a gravitational field and an accelerated frame in a gravity-free
region, presenting itself as an extension of the equivalence principle to the quan-
tum domain [11]. Even more, this phase has been suggested to play a role in a

possible unification of quantum theory and the theory of relativity[12, 94].

In Fig. 5.1a, we present a simplified version of the experiment, which we name the
Gedanken (thought) experiment. In the Gedanken experiment, at time t = t, a
beam splitter splits the wave packet into two paths. In one path it is at rest in the
lab (so-called Newtonian) frame due to an applied force that exactly counteracts
gravity, while in the other, it is in free-fall, i.e., at rest, in the freely-falling (so-
called Einsteinian) frame. To achieve recombination of the two paths, the wave
packet in the freely falling path is initially launched upwards by the beam splitter
with a velocity vy in the direction opposite to gravity, and then falls freely for
a time 2T = 2vy/g (hereafter referred to as the closing condition), after which
an identical beam splitter erases the velocity difference between the two wave
packets so that the two paths overlap in position and momentum. In Fig.5.1b, we
present a schematic drawing of our setup in which the chip faces downward, and

the interferometer sequence takes place beneath it.
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Figure 5.1: The QGI experiment to measure the phase accumulation of a free-falling particle: (a) Space-time
diagram illustrating the classical trajectories of the wave packets in the interferometer. A beam splitter creates
a coherent superposition of two wave packets with different spin states, launching one wave packet into a
freely-falling ballistic trajectory for a duration of 27", while the second wave packet is held stationary, serving
as a reference. A second beam splitter recombines the two wave packets at the end of the ballistic trajectory.
State-dependent detection (not shown) measures the population in each state, revealing the phase difference
between the two trajectories. (b) A schematic of our experimental realization: The stationary trajectory is
held against gravity using magnetic gradients produced by currents in microfabricated wires on the atom chip.
The stationary trajectory, associated with state [1) = |F = 2,mp = 1) of a 8’Rb atom, is positioned ~ 113 yum
below the chip surface. The ballistic trajectory, associated with state |0) = |F' = 1, mp = 0), travels upwards
reaching, in this example, a splitting of about 7.5 um [about seven times the wave packet size (see Fig.6.13)].
The interchanging currents in the three wires (shown in the figure) create a 2D quadrupole to realize a strong
magnetic gradient with a small magnetic field, which minimizes phase noise (see Fig.6.7). Taken from [13].
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5.2 Experimental scheme

Typical atom interferometers are free-space interferometers, where during most of
their motion, the wave packets do not experience any potential applied by the ex-
perimental setup [101]. Some interferometers, however, have a potential applied to
the wave packets during their evolution, and these can be termed guided interfer-
ometers [102, 103]. In our interferometer, both methods are used simultaneously,

one for each of the wave packets.

The scheme of the QGI is a variation of the SGI, in which a set of Rabi pulses
and magnetic gradient pulses manipulates the two arms. The Rabi pulses control
the spin state of the atoms, while the magnetic gradients control their momentum.
The scheme is illustrated in Fig.5.2. An essential aspect of the QGI variation is
the use of a two-level system, where one state is magnetically sensitive, and the
other is non-sensitive (up to first order in the Zeeman energy). This setup allows
us to apply a force to one arm while the second arm is in free fall. We chose the
two-level system of the states |[F' = 2,mp = 1) = [1) and |F = 1,mpr = 0) = |0)

to implement this configuration.

We can divide the experiment into three stages: BEC production, preparation of
the atoms, and the interferometer. The BEC production is described in detail in
Ch.4. The atom preparation and the interferometer (including the measurement

stage) are described as follows:

To prepare the atoms for the interferometer, we first produce a 8"Rb BEC consist-
ing of 15— 30 x 10 atoms in the |F = 2, my = 2) state. We release the BEC from
the atom chip trap by shutting off the trapping currents in a linear ramp with a
duration of 30 us, giving the BEC some upward momentum. After a time-of-flight
(TOF) of approximately 1100 us, we apply a delta-kick cooling (DKC) pulse, which
collimates the expansion of the BEC (as described in Sec.4.8) and also gives the
atoms an upward momentum kick. We then apply an on-resonance RF 7 pulse of
duration 100 us to move the atoms from the |2,2) state to the |2,1) state, com-
pleting the preparation stage. The atomic cloud density is now low enough to

minimize atom-atom interactions, making the physics essentially single-particle.
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We first describe the building blocks of the interferometer and then the order in
which they are applied. The interferometer scheme (described in Fig. 5.2) consists
of four microwave (MW) pulses to manipulate the spin state of the atoms and
three magnetic gradient pulses for controlling the momentum of the atoms. The
two-level system is controlled by on-resonance MW pulses, with a Rabi frequency
Or = 32_21% = 27 - 31.25kHz, such that the duration of a 7 pulse is 16 us. The
four MW pulses are arranged in a dynamical decoupling (DD) scheme. The sym-
metry of the DD cancels the linear phase accumulation that rises in the case of
undesired detuning of the MW pulses from the resonance, thereby reducing shot-
to-shot fluctuations of the phase. It also reduces the effects of inhomogeneity of
the resonance within the atomic sample or the magnetic bias field, thus increasing
the coherence time of the MW scheme. We define the delay between the 7 and
7 pulses as Tpp, resulting in the scheme 7, 7pp, 7, 27pp, 7, Tpp, 5. The magnetic
gradients are arranged to launch one wave packet upwards into a ballistic trajec-
tory with duration 27" while keeping the other wave packet stationary and finally
stopping the ballistic wave packet when it reaches its initial position, thus recom-
bining the wave packets in both position and momentum. This requires two short,
strong pulses with duration T}, and current Ij;., and one longer weaker pulse in
between them to hold the reference wave packet against gravity, which we call the
holding pulse, and has a duration Tj.q and current Ij,,. While in the Gedanken
experiment the pulses are assumed to be instantaneous, in the actual experiment

the pulses have a finite duration and a delay between them, Tj.

The interferometer starts with a 7 pulse, which puts the atoms in a superposition
of the magnetic sensitive state |1) and the non-sensitive state |0). Next, we apply
a short magnetic gradient pulse, which launches state |1) upwards. Shortly there-
after, we apply a m pulse, so that the wave packet launched upwards is in state
|0) and is no longer affected by the magnetic gradients, thus going into a ballistic
trajectory affected only by gravity (up to first-order Zeeman effect). The other
wave packet, which is now in state |1), is held against gravity by the holding pulse.
Consequently, this wave packet remains static and does not change position. Fi-
nally, we reverse the sequence to bring the two wave packets to the same position

and momentum for a full overlap. Let us emphasize that our interferometer is a
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longitudinal (1D) interferometer, and all positions are along the vertical axis.

The detection stage begins with a 7 pulse, which projects the phase difference be-
tween the spin states onto the population of the states. To measure the population
in each state, we apply another magnetic gradient kick that induces a momentum
difference between the two spin states, causing them to become spatially separated
after a period of time-of-flight. We can then determine the population in each spin
state using absorption imaging with a CCD and measure the interferometer out-
put. As we increase the interferometer duration, we observe oscillations in the

population, indicating the increasing phase difference between the two arms.

We use an analytical approximation and a numerical simulation to predict the
phase difference of the interferometer. The analytical approximation assumes
square pulses of a homogeneous gradient along the z-axis (or equivalently, a linear
magnetic potential along the z-axis), leading to purely one-dimensional motion
along z, where the acceleration of each arm is a piecewise constant function. To-
gether with the symmetry of the scheme, this results in perfect path recombination.

Under these assumptions, the phase difference between the two arms is given by:

2
m
A¢ = 3;]1 [T + T*Thick + T (Tiser + ThienTa) — Ta (Thie + T)°] - (5.1)

See Sec. 6.1 for a detailed derivation.

The case of the Gedanken experiment is equivalent to taking the limit of a short

kick and short delay, which gives

2
lim  A¢= 93, (5.2)

Tkick,Ta—0 3h
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Figure 5.2: (a) The complete experimental scheme of our longitudinal (1D) QGI, for the case of 2T =
2.4ms. The x-axis is time, where we set t = 0 at the moment of trap release. At this time the atoms are
in the state |2) = |F' = 2, mp = 2). We apply Delta-kick cooling (DKC) at ¢ = 1.1 ms, which collimates
the wave packet’s expansion and launches the atoms into a ballistic trajectory upwards. Before the start
of the interferometer, we transfer the atoms to the state |F' = 2, mr = 1) by applying an on-resonance RF
7 pulse (gray wavy line). During the interferometer, we control the spin state of the atoms with four MW
pulses (orange wavy lines) and the momentum of the atoms with three magnetic gradient pulses (green
areas). The MW pulses are on resonance with the transition between the |1) = |F' = 2,mp = 1) and
|0) = |F = 1,mp = 0) states, where the |0) state is magnetically non-sensitive in the Zeeman first order.
The first 7/2 pulse puts the atoms in an equal superposition of |1) 4 ]0). At the end of the interferometer,
the trajectories of these two states are joined to a single trajectory with two spin states, after which the
second 7/2 pulse is applied, creating four overlapping wave packets which interfere, two wave packets per
each spin state, imprinting the phase difference into a population difference (for simplicity of graphics,
we have not differentiated the four wave packets in the plot). After the second 7/2 pulse, we detect
the relative population in each state. In the detection scheme, we first spatially separate the states by
applying a fourth magnetic gradient and, finally, image the atoms using on-resonance absorption imaging.
The symmetric temporal positioning of the 7/2 and 7 pulses also serves as a dynamic-decoupling scheme,
increasing the coherence time, canceling the linear phase accumulation due to possible detuning of the
MW and reducing the shot-to-shot phase fluctuations. (b) Zoom-in on the interferometer sequence.
The first gradient (kick) pulse applies a maximal acceleration ag;.x for a total duration of Tj;cx, which
launches the top arm into a ballistic trajectory. 50 us after the end of the gradient pulse, we apply a 7
pulse (with a duration of 16 us) that inverts the spin state of the arms so that the bottom arm is now in
the magnetically-sensitive state |1). 5 us after the m pulse, we start the holding pulse (duration of T, and
rise time 7, = 12 pus), which applies an acceleration opposite and equal to gravity, to hold the bottom
arm stationary in the lab frame. 50 us after the holding pulse, we again apply a 7 pulse and 5 us later we
recombine the trajectories of the two wave packets by applying a magnetic gradient pulse with a maximal
acceleration ag;qx for a total duration of Ty, as in the first pulse. Taken from [13].
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5.3 Results

In Fig. 5.3, we present the interferometer output, that is, the population in state
|0), as a function of the interferometer duration. We observe 13 oscillations, which
constitute about 80rad phase accumulation. We extract the phase of the inter-
ferometer by fitting the oscillations and present it in Fig.5.4 where we compare
the experimental result to the numerical simulation, the analytical prediction of
Eq.5.1 as well as to the Gedanken experiment given in Eq.5.2. In addition to the
main origins of phase accumulation, the numerical simulation takes into account
(i) three-dimensional propagation in a curved potential resulting in non-perfect
path recombination, (ii) internal wave packet dynamics (expansion, focusing, and
rotation), and (iii) atom-atom interactions within each wave packet. The first two
factors may change the phase by 1-2 radians, while the latter may contribute up
to 0.25 radians. The prediction of the numerical simulation is accurate within the
uncertainty limits of the experimental parameters. The model at the base of the

numerical simulation is described in Sec.2.1.2.

The primary source of uncertainty in the experimental results arises from the
systematic uncertainty in the ratio of the kick and holding currents, as the phase
accumulation is most sensitive to this ratio. Deviations from the desired ratio add

a phase term that scales linearly with the interferometer time.

As shown in Fig. 5.4b, the residuals amount to about 2.5%, showing good agree-

ment between the model and the data.

In Ch. 6, we provide detailed information on the data analysis of Figs. 5.3 and 5.4,

together with more details on the experimental setup and the numerical simulation.
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Figure 5.3: Population in outport 1 vs. the free-fall duration of the ballistic path 27": (a) The relative spin
population in outport 1 (state |0)) oscillates with a distinct chirp as a function of interferometer time. The blue
points represent the experimental data, with error bars derived from the standard error of the mean (SEM).
The black line is a fit to the data of the form P = Pyean(27T") + 3V (2T) cos [¢(2T')], where V is the visibility
of the oscillations, ¢ is the phase of the oscillations and Ppean is the mean value of the population. To obtain
the fit, we first identify the upper and lower envelopes and fit them to a polynomial to get Ppean and V(27).
We then fit the data to the model where the phase ¢(27") is a third-order polynomial. During the fitting, we
exclude the first and last oscillation as they suffer from larger uncertainty in the values of the envelope. The
data shows 13 complete oscillations with low phase noise, resulting in an average population error (SEM) of
1.8 + 1.5 [%] and good visibility, starting at V' = 80% and decreasing to V' = 20% at 27 = 2000 us. The
decrease in visibility is mainly due to a varying overlap between the wave packets caused by differences in
shape evolution under the influence of curved gradients, as well as imperfections in the path recombination.
The figure includes 633 experimental cycles, each lasting 30 s, resulting in a graph taken over a period of 5.3
hours. The short and long-term stability of the interferometer is good due to the high stability of the chip trap,
and current source. (b) CCD images of the atoms in the two outports taken with on-resonance absorption
imaging, showing one and a half oscillations. The top cloud is outport 1 (state |0)), and the bottom cloud is
outport 2 (state |1), which is magnetically sensitive), Z represents the distance from the chip, and the heatmap
shows the relative optical density. The cloud in outport 2 is focused by the final splitting pulse, increasing its
optical density, and making it appear slightly brighter even when the two clouds have the same population.
Taken from [13].
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Figure 5.4: Phase and its derivative vs. the free-fall duration of the ballistic path 27": (a) The phase difference
between the two interferometer arms as a function of the free-fall duration of the upper arm. The red line
represents the experimental data, where the phase is extracted from Fig.5.3. To estimate the uncertainty
bounds, we repeat the experiment with an increase (decrease) of the magnetic-pulse current Ix;.x by 0.5%
(which is our estimated experimental precision) and use the result to plot the upper (lower) uncertainty bounds.
The green points are the result of the numerical simulation based on tools we developed for calculating wave
packet evolution (see [56] and Sec2.1.2), which include the effects of shape and rotation of the wave packet.
The blue dashed line is the result of the analytical approximation of the experiment given in Eq. 5.1, which
assumes that the acceleration of each arm is a piecewise constant function. The black dashed line depicts the
phase of the Gedanken experiment. The inset shows the derivative of the phase with respect to 27". To obtain
the derivative of the phase for the numeric simulation, we fit a third-order polynomial to the set of points
in the main figure and take its derivative. The derivative of the analytical approximation and the Gedanken
experiment are calculated by direct differentiation. The yellow dashed lines represent 5% deviations from the
T3 phase accumulation model, by modifying the analytical prediction to a power law of 73915 This is meant
to show that the data is not consistent with such deviations from the cubic phase. (b) The residuals between
the phase of the data and the numerical simulation, where the latter is a “blind” simulation with no free
parameters or fine tuning. A difference of 2rad over 13 oscillations spanning a phase of ~ 80rad, constitutes
a deviation of about 2.5%. The error bars represent the statistical noise of the phase in the experiment, which
shows a relative noise of 1.3% of the phase. The red band represents the systematic uncertainties [which also
appear in (a)]. The blue line shows the result of the numeric simulation after fine-tuning of the currents and
the magnetic field along the z-axis. The kick current is increased by 0.15% , the idle current is changed from
0.55mA to 0.5mA, and B, from 0.33 G to 0.35 G, all within the experimental uncertainties. Taken from [13].
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5.4 Discussion

Since the time of Galileo and Newton, it has been clear that the phenomenon
of free-fall in a gravitational field is a paradigm of physics and must be fully
understood as part of any description of nature. Galileo’s quantitative assessments
of the gravitational acceleration mark a turning point in modern science [104].
Newton’s law of gravity united the earthly experience of free fall with the motion
of the stars in the sky above us. Einstein went a step further and used the geometry

of space-time to describe gravity and free-fall.

Surprisingly, despite the rich history of matter-wave experiments, the numerous
efforts to unite the theory of gravity with quantum mechanics, and the prediction
of the phase of a freely falling particle almost a century ago [89], the quantum

phase of a freely-falling massive particle had not been measured until now.

While measuring gravity with matter-wave interferometers has been previously
achieved with neutrons in the celebrated Colella-Overhauser-Werner (COW) ex-
periment [105] (as well as by Bonse and Wroblewski for a noninertial frame [106]),
and with atoms [107-111], the explicit phase of a free-falling wave packet has not
been directly measured, as these interferometers measure a phase that is linear or

qudratic in time.

A cubic phase dependence on the interferometer time may also appear in a few
standard-practice interferometers [112-115]. Still, these interferometers do not

measure the phase of a free-falling particle but rather measure other accelerations.

A direct measurement of the phase of a freely-falling mass requires a superposition
of a free-falling trajectory with a stationary trajectory, which is realized by the
QGI, thus establishing a direct test and confirmation of the phase of a free-falling
object.

We have developed a unique interferometer, the QGI. While the Ramsey-Bordé
interferometer is mostly characterized by the constant spatial separation between
the two paths[116], and the Kasevich-Chu interferometer by the piece-wise con-
stant velocity separation (difference) between the two paths [33], the QGI enables

the control of all degrees of freedom, allowing spatial, velocity, and acceleration

65



differences, almost at will. This allowed us to have one wave packet at rest and

the other free-falling.

As this quantum phase involves the comparison of two fundamental reference
frames, the rest frame and the free-falling frame, it has already been introduced
in many fundamental theoretical inquiries regarding the interface of quantum me-
chanics and gravity, although usually as the phase of a single wave packet, and not
as the phase difference between two parts of a superposition. We hope this new
experiment and its results will serve as a unique tool in probing this interface and

as a base for further investigating such fundamental questions[117, 118].

As an outlook, let us note two important points: First, as our unique interferometer
is also able to manipulate clock wave packets (for clocks in a SGI, see [46]), it opens
the door for investigating more complex formulations suggested for the equivalence
principle in the quantum domain. It also paves the way for searches for new
physics [119].  Second, it represents a milestone toward developing a SGI with
nano-diamonds instead of atoms. This advancement will allow us to test quantum
mechanics in new regimes and to probe the quantum-gravity interface, e.g., test
the quantization of gravity [15]. In addition, such a large-mass interferometer can

explore the Diosi-Penrose conjecture regarding gravitationally-induced collapse.

66



Chapter 6

Details of the experimental

realization

We present the details of the experimental realization of the QGI. This chapter
presents the work that is the basis for the supplementary material of the paper “Ob-
servation of the quantum equivalence principle for matter-waves” (arXiv preprint
arXiv:2502.14535 (2025) [13]), and accordingly, there is some overlap between the

two.

We start by providing a detailed derivation of the phase in the analytical model and
then give the details of the numerical simulation and the data analysis. We con-
tinue to present the details of the experimental realization, including the magnetic
potential, the magnetic field gradients, and the characterization of the trap. We

conclude with additional information on the wave-packet size and the trajectories
during the QGI.

6.1 Analytical model for calculating the phase

This section describes the derivation of the analytical model of the QGI and is

adapted from the supplementary material of [13].

In the following derivations, the analytical model approximates the experiment as
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a set of square pulses of a homogeneous magnetic gradient so that the accelera-
tion of each arm is a piecewise constant function. This simple model is a good
approximation of the experiment and allows us to understand the behavior of the
interferometer. While it is possible to calculate an analytical prediction that in-
cludes the real temporal shape of the magnetic gradient pulses, it is not necessary
for the purpose of this work, as this analytical model approximates the real ex-
periment well, and anyway, the more realistic case is calculated by a numerical
simulation. The analytical model does not include the effect of the shape of the

wave packets on the phase, while the numerical simulation does.

Given the assumptions above, the experiment can be described by a set of durations

and the acceleration of each arm during each duration.

We define the total interferometer time as 27 + 27T}, and the holding duration
of the bottom arm can be defined as T, = 2T — 2T,;. The experiment can be

described by the set of durations
(Thicks Ta Thiy Ta, Thick) (6.1)
where the acceleration of the ballistic and reference paths in each of these durations

is given by
Abattistic = —9 + (Qkick, 0,0, 0, aier), (6.2)

and,
Qreference = —4g + (07 07 Qhold, 07 O) (63)

The phase of the interferometer is given by the action along the classical path

1 I
0= 35 =7 [ IO - U0l (6.4)
where j is an index of the respective interferometer path, and
1
K;(t) = §mvjz(t) , Uj(t) = —ma;(t)[2;(t) — 2], (6.5)

where zq is defined by the zero of magnetic potential, | B(0,0, zo)| = 0, which is the

position of the magnetic field quadrupole in the experiment (not to be confused
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with the initial position of the atoms z;(0)). In the case of a closed interferometer,
the phase does not depend on z;. For an open interferometer, the phase will

depend on z; and will include the contribution of the separation phase (Eq.2.19).

The condition for a closed interferometer is an equal area of the accelerations of

the two arms (see Sec. 6.2)

/t 7 ()t = /t 7 (bt (6.6)

% i

which, in this case, give
Akick * 2T kick = Qnotd * T - (6.7)

Setting apnq = ¢g confirms that the reference path does not accelerate in the lab

frame during the holding pulse.

In the Gedanken experiment, the trajectories are symmetric around the middle
point (the turning point of the ballistic path), and the reference arm is stationary
in the lab frame. To maintain the symmetry of the trajectories in the case of a
finite duration of the pulses, we set the initial conditions of the COM of the wave

packet to be
’UZ(O) = g(Tlmk + Td) 3 Z(O) = —g(Tm-ck + Td)2/2 s (68)

which also sets the velocity of the reference arm to zero during the holding pulse,
making it stationary in the lab frame. (as the reference arm is in free fall during

the initial and final duration of Ty + Ty).

Performing the integrals, we get

2
¢ = Tg}q; (=T° = T*Tyiors — TTy, — TThiorTu + 2T, + TTeen Ta + 8Thier Ty + 3T77)
(6.9)
2mg? 5
P2 = (Thick + Ty) (6.10)
3h
mg® 2 2 9

3h

69



Taking the limit of a short kick we get

mg?

plim Ao = - (T = T4) (6.12)
and in the limit of short delay we get
2
. _MmgT 3
Tkiclkl’l%li_}o A¢ = T T°. (6.13)

Eq.6.13 represents the Gedanken experiment in which the beam splitter is a delta
pulse such that Ty, Ty — 0.

The trajectories of the two arms in the three cases of Eqgs. 6.11,6.12,6.13 are shown
in Fig.6.1.

The result of the analytical model given in Eq. 6.11 is plotted in Fig. 5.4, using the
experimental values of Ty = 80 us and Ty = 71 + 6 pus where we include half the

rise time of the holding pulse 7,,14/2 = 6 s in the delay.

We also include the contribution to the phase from the force on the state |0) due
to the second-order Zeeman (SOZ) effect. This force is opposite to the force on
the |1) state during the gradient pulses, and its value is about 1% of the latter.
During the holding pulse, the acceleration of the state |0) due to SOZ is calculated
to be asoz = 0.10m/s* (see Sec.6.6.1) for details). We include this effect in
the analytical prediction for the phase [Eq. (5.11)] by replacing the gravitational
acceleration g by geg = g+ asoz = 9.91m/s?. This estimation agrees with a model

in which agpyz is explicitly included in the calculation to within 0.03 rad.

An analytical calculation can also include the temporal shape of the pulses and ac-
count for time-dependent homogeneous magnetic pulses. However, for the scope of
this work, we choose to present the analytical prediction only for the more straight-
forward case of piecewise constant acceleration and use the numerical simulation

to include the temporal and spatial modulation of the gradients.
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Figure 6.1: Trajectories in the analytical approximation for three limiting cases: In
each plot, the blue line represents the trajectory of the ballistic wave packet and the red
of the reference wave packet. (a) In the Gedanken experiment case, the ballistic wave
packet freely falls for duration 27, while the reference wave packet is stationary for the
same duration. The beam splitter is a delta pulse and Ty;cx, Ty — 0 (Eq.6.13). (b) The
case of Eq. 6.12 includes a finite delay T,; between the beam splitter and the holding. The
reference wave packet freely falls during the short delay time T; and is held stationary
for a duration T}, = 2T — 27T,;. (c) Including a finite duration of Ty (Eq.6.11), the
ballistic wave packet experiences upward acceleration for a duration Tj;.. In all cases,
the trajectories are symmetric around the middle point, where the ballistic path is at
the turning point (set as t=0 in these plots).

6.2 Conditions for a closed interferometer

A closed interferometer is defined by both arms having the same final position and

momentum. We can characterize the trajectories of the two arms using

Av(t) =vs(t) — v () (6.14)
2(t) — z1(t)

such that a closed interferometer is defined by Av(ty) = 0, Az(t;) = 0. We will

now show that for a symmetric interferometer scheme, there is a simple law of

>
8
—~
~
SN—
I
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equal areas of acceleration, which ensures a closed interferometer.

First, we require that Av(ty) = 0; from that we can write

on(t) :vl(ti)+[fa1(t)dt:/t'fag(t)dt+vg(ti) — u(t)), (6.15)

by definition vy (t;) = ve(t;) we get

/ti 7 ()it = /1t 7 (bt (6.16)

This is the law of equal areas of acceleration, which can be also written as
T
/ Aa(t)dt = 0. (6.17)
-T
We consider a symmetric interferometer, where the interferometer starts at t = =7

and ends at t = T, and the acceleration is symmetric under inversion around ¢t = 0
a(t) = a(—t), (6.18)
Due to the symmetry of a;(t) we get
T 0
/ Aa(t)dt = / Aa(t)dt = 0. (6.19)
0 -T

which gives us

Av(0) = / " Aa(t)dt = 0 (6.20)

-T

so that halfway through the interferometer the differential velocity is zero.

We can show that Awv(t) is an antisymmetric function. By definition:

Av(t) = /O "Aa(t)dr (6.21)

by substitution of ¢’ — — ¢/

Av(t) = /0 " Aa(t)dt = — /0  Aa(—)dt = — Ot Aa(t)dt' = —Av(—t) (6.22)

An integral of an asymmetric function (over a symmetric domain) is zero, which
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in this case results in zero final spatial splitting, Az(t;) = 0. We can directly
calculate this by

Ax(ty) = / Zmu)dt: / OTAv(t)dtJr /0 " Av(t)dt = /O " Au(—t)dit /O TAU((;S);Z;O

This concludes the proof that in the case of a symmetric interferometer scheme,

the law of equal areas of acceleration ensures a closed interferometer.

6.3 Numerical simulation

In this section, we provide details of the numerical simulation (taken from the sup-
plementary material of [13]). The model for the numerical simulation is described
in2.1.2.

6.3.1 Details of the numerical simulation

The numerical simulation calculates the dynamics of the atomic BEC during the
trapping, release, DKC, and interferometer sequence. The simulation is based on
the model of wave packet evolution given in [56], which is extended to include
the effects of rotations. To use the model with curved magnetic potentials, we
locally approximate the magnetic potential by a quadratic potential and calculate
the evolution of each wave packet in the potential. The simulation predicts the
output of the SGI by calculating the overlap integral of the two final wave packets,
resulting in a complex value, where the visibility is the magnitude of this integral

and the phase is the argument.

The simulation is constructed to mimic the exact experimental sequence by using
the same timings as in the experiment. During the preparation stage, the currents
and magnetic fields in the simulation are kept close to the values reported in the
experiment but fine-tuned to match the wave packet’s initial conditions, such as
initial position and velocity, and initial expansion rate. As the measurements of
the absolute positions of the atoms are accurate up to a few um, other indications
of the position of the atoms in the lower interferometer arm are also taken from the

holding current required to hold the atoms against gravity, and the trajectory after
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the DKC. A holding current of 23-24 mA corresponds, according to the calculation,
to a distance of 112-113 yum from the chip surface. Assuming that the velocity of
the atoms at this position before turning on the holding pulse is almost zero, we
can deduce the trajectory after the DKC as the atoms are in free fall and hence
travel a distance Az = % gt?. This calculation indicates a distance of about 132 um
from the chip surface for the initial trapping position. These values of the initial

trap and turning point agree with direct measurements from the experiment.

The magnetic bias field is taken to be the field generated by the bias coils and
Earth’s magnetic field By = (—0.31,0,0.33) G. The bias generated by the coils
consists of a component in the y direction and in the x direction, which are deter-
mined to be By, = 12.9928 G and By, = —1.175G. The y-component of the field
during the trapping determines the trap position with respect to the chip surface
and the z-component determines the trap frequency and field at the bottom of the
trap. The total magnetic field magnitude is indeed measured some time after trap
release by the RF transition frequency between the Zeeman levels |2, 2). and |2, 1).
This measurement indicates that the total field at this time is By = 12.625 G, but
we take the field during the trapping to be By = 13.05 G to ensure that the trap-
ping position is about 132 um from the chip surface, which is consistent with the
position of the atoms in the lower arm of the interferometer, as described above.
The discrepancy between the measured bias field after the trap release and the
predicted bias field required to explain the trapping stage may be attributed to
the magnetic response of the atom chip mount and the chamber itself, resulting
in transient fields in the science chamber during the trapping. Time dependence
of the bias field after the trap release and DKC is observed in the RF resonance
measurements. The z-component of the magnetic field generated by Earth is re-
sponsible for a shift of the trapping position relative to the center of the system and
we find numerically that the trapping position is at ry.,, = (0.79,4.67,132.05) pm
relative to the center of the surface of the central wire. The trapping frequencies
are wy, ~ w, ~ 21 x 1.04kHz and w, ~ 27 x 57 Hz, which is in good agreement
with the measured trap frequencies. The calculated field at the bottom of the
trap is By ~ 0.825 G, which is slightly larger than the measured value. For a total

number of 2 - 10 atoms, we obtain a BEC of an average width o, = 3.13 ym in
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the longitudinal direction and o, = 0, = 1.31 um in the transverse direction. This
serves as the starting point for calculating the evolution of the wave packet widths
during the sequence. The constant bias field also includes a measured gradient
B’ = 68.32G/m, giving rise to an acceleration pugB’/2m = 0.22m/s? in the direc-
tion of gravity. The DKC pulse kicks the atoms upwards, and after it, the atoms
are in free fall until the beginning of the interferometer, except that they are af-
fected by small magnetic gradients from the bias field and an idle current from
the kick wires on the chip. During this time, they are transferred from the state
12,2) to the state |2,1) by a RF pulse that ends about 400 us after the collimation
pulse and then they are split into a superposition of |2,1) and |1,0). As the idle
current is designed to counteract the magnetic gradient of the bias during the time
between the splitting 7/2 pulse and the recombining /2 pulse we may consider
the trajectory of the atoms before the kick pulse as being ballistic and calculate

the timing and position of the turning point where the atoms are expected to have

2

fee from

a zero velocity. This point z;, is located at a distance z;, — zpkc = %gt
the position zpkc at the end of the collimation pulse. At this point, the holding
current [;, is calculated and the kick current [ is also calculated such that the
holding current and kick currents satisfy 21T, = I,T;,. The DKC is optimized to
yield a zero velocity of the atoms at the beginning of the holding pulse such that
the lower trajectory is constant during the holding time. The ballistic trajectory
is calculated based on the calculated kick current and the second-order Zeeman
effect is taken into account during the holding time of the lower arm, as well as

the effect of the second-order Zeeman over the whole sequence.

The free parameters of the simulation are the bias field in the x and y directions and
the exact value of the collimation current. When these parameters are varied under
the constraint that the lower arm trajectory is flat and at the correct distance from
the chip surface, the interferometer phase varies within a range of £0.07 rad at the
longest holding time. Note that these parameters were not used for fitting the
phase but rather to fit other parameters of the experiment mentioned above; thus
the numerical simulation curve in Fig.5.4 can be considered as a curve without

fitting parameters related to the phase.

In addition, the second simulation curve [blue line in Fig.5.4b] represents an at-
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tempt to best fit the experimentally measured phase without exceeding the un-
certainty range of the parameters, with the price of the lower arm trajectory not
being flat. In the latter simulation, the holding current was taken to be 23.5mA
(although a larger current was required to hold the reference arm against gravity),
and the DKC current was taken to be 0.4705mA (instead of 0.4695mA for the
first simulation). The kick current was taken larger by 0.15%, the idle current was
taken to be 0.5 mA instead of 0.55mA, and B, was taken to be 0.35G instead of
0.33 G. All these changes are well within the uncertainty limits of the experimental

parameters.

6.3.2 Effect of wave packet shape on the phase

The numerical simulation includes the effect of the wave-packet shape, which
evolves due to single particle effects (momentum uncertainty of the wave packet
and response to the curved potentials) and atom-atom interactions. To estimate
the effects of the wave-packet shape on the phase, we compare the total phase
calculated from the overlap integral to the phase of the classical trajectory of the
COM. The result is shown in Fig.6.2. The total phase accumulation in the ex-
periment amounts to 80rad while the contribution due to the shape of the wave
packet is in the range of 0 to 1rad. The relative contribution of the “non tra-
jectory” phase is as high as 7% for short interferometer durations but decreases
for longer interferometer times. The exact contribution due to the shape of the
wave packet depends on the exact shape of the wave packet and the specific exper-
imental conditions, and can be one of the sources of the discrepancy between the
numerical simulation and the experimental data. The numerical simulation also
includes the effect of the ambient gradient in the chamber, which was measured
to be 0.7G/cm (equivalent to an acceleration of 0.2m/s* along gravity of the |1)
state, see Sec.6.5.2 for more details) and the idle current of 0.55mA we apply to
counteract the effect of the ambient gradient. The shape of the pulses of current
in the SG wires is also included in the simulation. A detailed description of the

pulses is given in Sec. 6.6.3.
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Figure 6.2: The different phase contributions calculated in the numerical simulation:
(a) The total phase (blue solid line), was calculated from the overlap integral between
the two wave packets at the end of the interferometer (the timing of the last 7/2 pulse).
This total phase takes into account the effects of wave packet shape and atom-atom
interaction. The red dashed line is the “path phase”, the phase accumulation due to the
classical trajectory of the COM. (b) The difference between the two calculations, shows
that the “non trajectory” contributions range between —1.1 to 0.4rad, out of the total
80rad of the interferometer. (c) The relative part of the “non trajectory” is as high as

15% for short interferometer duration but decreases to less than 2% for durations longer
than 1.2ms. Taken from [13].

6.4 Data analysis

In this section, we provide the details of the data analysis of the experiment (taken
from the supplementary material of [13].)

To extract the phase from the raw data of population vs. time, we fit the data
to a model P = Ppean(2T) + $V(27) cos [¢(2T)], where V' is the visibility of the
oscillations, ¢ is the phase of the oscillations and Ppean is the mean value of the
population. To obtain the fit, we first identify the upper and lower envelopes and
fit them to a polynomial to get Ppean and V(27'). We then fit the data to the
model where the phase ¢(27) is a third-order polynomial. During the fitting, we

exclude the first and last oscillations as they suffer from larger uncertainty in the
values of the envelope. As fitting such a model to the data requires a good initial

guess, we use the Hilbert transform [120, 121] to extract the phase from the data.
The details of the analysis are given below.
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6.4.1 Fitting the population vs. time data and extracting
the phase

We fit the data of population vs. time with the following algorithm: First, we fit the
envelope of the oscillations by identifying the local maxima (minima), connecting
them with a set of straight lines, and fitting them to a polynomial. For the data
in Fig. 5.3, a polynomial of order seven was used for the envelopes. Once we have
an equation for the upper and lower envelope, we calculate the local amplitude
V/2(2T) and local mean P,,cq,(27"). We then apply the Hilbert transform, which
results in a complex number for each data point, whose argument is the phase up
to 2mn, so we unwrap the phase of the whole data, which requires a high enough
sampling rate in each oscillation. At this point, we fit a third-order polynomial
to obtain a smooth function ¢(27"). We use this polynomial as the initial guess
for the final fit of the population. While the Hilbert transform is a powerful tool
for extracting the phase, it introduces significant edge effects, which are hard to
avoid. The direct fit of the phase to the data is more robust against edge effects
and is thus used for the final fit of the data.

6.4.2 Phase

In Fig. 5.4, we show the phase derived from the experimental data against three
calculations of ¢(27"): the numerical simulation, the analytical approximation,
and the expected phase in the Gedanken experiment. We calculate the lines of
the analytical approximation and the Gedanken experiment using Eq.6.11 and
Eq. 6.13 respectively. The line of experimental data was derived by a fit to the data
of Fig. 5.3 (as explained above), and the data points of the numerical simulation
were derived as explained in Sec.6.3. We also plot as a guide to the eye deviations

from the 7% phase accumulation, by plotting a modified version of the analytical

approximation,
mg® | (mg®\* 4. > 2 2
Ag = =5 [\ 3 T4 + T?Thick + T (T + TrickTa) — T (Thiek + Ta)” |

(6.24)
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where we set o = 0.15 to show 5% deviation from the T phase accumulation,

. 25
and the coefficient %% *

is added to maintain the correct units. The conditions
that define the phase in interest are that the interferometer is closed and the
reference arm is stationary. The closing condition is best approximated by the law
of equal areas of current. We found experimentally, analytically, and numerically,
that phase is much more sensitive to small deviations from the equal areas of
current than to small deviations from the flatness of the reference arm. Thus
to estimate the uncertainty bounds of the phase, we repeat the experiment with
an increase (decrease) of the magnetic-pulse current Iy, by 0.5% (which is our
estimated experimental precision on this parameter). We use the result to plot
the upper (lower) uncertainty bounds of the phase. The inset shows the rate of
phase accumulation %—f, of the same four cases. To get the derivative of the phase
for the numerical simulation, we fit a third-order polynomial to the set points and
calculate the analytical derivative of the polynomial. For the experimental data,
we use the analytical derivative of the polynomial found in Fig. 5.3. The derivative
of the analytical approximation and the Gedanken experiment is calculated by the
derivative of Eq.6.11 and Eq.6.13 respectively. We also plot in the inset the 5%
deviation from the 7° phase accumulation, this time by plotting the derivative of
the modified Gedanken experiment phase accumulation.

3+a 3+a

A¢(2T) = <?Tg;> ) (2T)** — % =(3+a) (T;Tg;) ) (2T)***,  (6.25)

where the power of the coefficient is corrected to maintain the correct units.
Fig.5.4b shows the residuals between the experimental data and the numerical
simulation. To estimate the statistical noise of the phase, we use a method of
error propagation from the standard deviation (STD) of the population data to
the STD of the phase, as explained in the next section.

6.4.3 Error analysis

We wish to find the phase uncertainty due to the uncertainty of a cosine signal
S(¢) = acos(¢), where the amplitude a and the phase ¢ have an uncertainty da
and d¢, respectively. The uncertainty of the signal due to the phase and amplitude

uncertainties is given by
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65? = 6a® cos® ¢ + a®sin® pé°. (6.26)

This is a familiar relation, but it is important to remember that the trigonometric
functions on the right-hand side should be averaged over the uncertainty d¢ of the
phase (otherwise this equation is not correct and gives wrong values, especially
around the extremum points of the signal, where the derivative approaches zero).
Assuming that ¢ is a Gaussian distributed variable with a STD d¢, the expectation

values of the trigonometric functions are

(sin® ¢) = %[1 — (cos(29))], (cos® ) = %[1 + {(cos(2¢))]. (6.27)

where

(c08(20)) s=go = \/2_%5(;5 /OO dpe™ @0 1208 co5(26) = cos (2¢) 2P (6.28)

We obtain

§5% = % [1 + Cos(2gb)e_25¢2] da? + %a2 [1 — Cos(2gb)e—25¢’2] §¢. (6.29)

To extract the STD of the phase, we need to know the STD of the signal (§.5?),
the amplitude and phase of the signal (a and ¢), which we get from the fit to the
data, and the STD of the amplitude (da). Finding both da and d¢ from 652 of a
single point seems to be impossible because, on the right-hand side, we have two
variables. So we must either assume a given value of da and then find d¢ from
552 or assume some relation of da and d¢ along the different measurement points
that may enable the determination of both uncertainties from the signal. In our
case, we assume that the amplitude uncertainty is negligible compared to the phase
uncertainty, so we can find the phase uncertainty from the signal uncertainty. This
assumption holds well for 27" > 1ms, where the phase noise is the dominant source

of noise in the signal, and is approximately proportional to the phase itself. While
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for 27" < 1 ms this assumption is less accurate, the STD of the signal is very small
in this range, anyway. As the number of iterations per point is 2-4, resulting in
large fluctuations of the STD, we fit the STD to a polynomial of order 3, and use
the result of the fit as the STD of the phase in Fig. 5.4b. The results of the error

analysis are shown in Fig.6.3.
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Figure 6.3: Summary of the error analysis: (a) The experimental data, including the raw data of the
population vs. time, the fit to the envelope, and the fit to the data. (b) The phase as a function of the holding
duration, with error bars indicating the STD of the phase. The STD is calculated using the method of error
propagation explained in Sec.6.4.3. (c) The STD of the phase, and fit to a third order polynomial. The result

of the fit is used as the STD of the phase in Fig.5.4b (d) The relative error of the phase, calculated as the
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ratio of the STD of the phase to the phase, which has an average value of 1.3%. Taken from [13].
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6.5 Magnetic fields

Here we provide details on the magnetic fields in the experiment

6.5.1 Y-bias coils

The y-bias coils produce the bias magnetic field along the y-axis. We measured the
magnetic field produced by the y-bias coils by measuring the resonance frequency
of the transition from the |2,2) to |2,1) vs. the current in the coils. We fit the
results to a model that includes the x and z magnetic bias fields and a stray
magnetic field in the y-axis on top of the field produced by the y bias coils, such
that B, = c¢- I + By, and |B| = /((c-I)+ Boy)*>+ B2, + B2,. The fit yields
c=0.74£0.03G/A, and By, = -14£1G.
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Figure 6.4: Measuring the magnetic field produced by the y bias coils: The resonance
frequency of the transition from the |2,2) to |2,1), vs. the current in the coils. We fit
the results to a model By, = ¢ - I + By, and |B| = \/((c- I) + Boy)? + B2, + BZ,. The
fit gives ¢ = 0.74 £ 0.03G/A, and By, = —1.4 £ 1G.
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6.5.2 Ambient gradient in the chamber

Here we detail our findings on the ambient magnetic gradient in the chamber

(taken from the supplementary material of [13]).

We found a small ambient magnetic gradient in the chamber even when the cur-
rents on the atom chip were zero. We measured this ambient magnetic gradient
in two methods. The first method involves measuring the differential acceleration
between the |1) and |0) states over a long time of flight of 20 — 34 ms, following
the 7/2 pulse and observing the spatial splitting of the states. We fit the spa-
tial splitting vs time and find agmpiens = 0.211 & 0.005m/s2. The data and the
fit appear in Fig.6.5. The second method is observing a T° phase accumulation
when measuring the pure MW DD scheme (without magnetic gradients from chip
wires) for a duration of 47pp = 4ms, which can, in the presence of the ambient
gradient, create a “self emerging” T full-loop SGI. In the original 7% SGI scheme
of [114], the loop is closed by inverting the orientation of the magnetic gradients.
In this scheme, the magnetic gradients remain constant, and the 7 pulses invert
the spin of the arms to create a closed interferometer. We calculate the predic-
tion for the phase by plugging the durations (7pp,27pp, 7pp) and accelerations
a1 = (Qampient, 0, Qampient) + g, a2 = (0, Gampient, 0) + g of the scheme into Eq. 6.4
which gives:

m
0p = %T%D (aimbient + 2gaambient) ) (6-30)

where Tpp = (T}, + 27}) /2. Using the prediction for the phase we extract aqmpient =
0.221 £0.005 m/s?, which corresponds to a magnetic gradient of 0.68 +0.02 G /cm.
The data and the fit of this measurement appear in Fig. 6.6.

6.6 SG forces and magnetic field gradients

6.6.1 Magnetic potential energy of the atoms
Taken from the supplementary material of [13].

The potential in the SGI is the magnetic potential and gravity. The magnetic
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Figure 6.5: Splitting due to ambient magnetic gradient: Spatial SG splitting between
the state [1) and |0) due to the ambient gradient, vs the time of flight after the 7/2 pulse.
Fitting the data to 0.5aqmpientTOF? gives a value of agmpient = 0.21140.005m/s%. Taken
from [13].

potential is given by
Vi(r,t) = —u- B(r,t).

Under the adiabatic approximation, we can assume that the atomic spin projec-
tion on the quantization axis, defined by the direction of the magnetic field, is

conserved, and including the second-order Zeeman splitting, we get
Vp(r,t) = mpgrug|B(r,t)| + apme | B(r, )| (6.31)

where gppup/h = 0.70 [MHz/G] and g, is a coefficient that depends on F' and
mp, given in table6.1. Using Eq.6.31, the values in table6.1 and the measured
transition frequency between |F' = 2, mp = 2) and |F' = 2, mp = 1) of 8.799 MHz
we can calculate the magnitude of the bias field |B| = 12.62 G. To calculate asoz,
we find the magnetic gradient required to hold the |F = 2, mp = 1) state against

gravity, and use it to get the value of agoz = 0.10m/s%.
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Figure 6.6: T2 population oscillations due to ambient magnetic gradient: We
observe T3 population oscillations in a pure MW DD scheme, indicating the
existence of a magnetic gradient. By fitting the data to P(rpp) = 50 +
50 cos [%TE’) D (azmbi ent T 2gaambi6nt)]> we can estimate the acceleration due to the am-

bient gradient, and get agmpient = 0.221 £ 0.005 m/s2. Taken from [13].

e +1 42

1 -287.6 -215.7 —
2876 2157 O

Table 6.1: Values of ap /b in units of Hz/G?, for calculating the second order Zeeman
energy in Eq.6.31.

6.6.2 Magnetic field from a three-wire configuration

The magnetic gradients are produced by a current in the atom chip wires. To
suppress phase noise originating from the magnetic field of these wires, we generate
a strong magnetic gradient while minimizing the chip’s magnetic field by forming a
quadrupole field and positioning the atoms close to its zero-field center [45]. Three
parallel current-carrying wires form the quadrupole field. Let us derive the field
produced by currents through three infinitely-long parallel wires, which is useful for
estimating the actual magnetic gradient forces in the experiment. The three wires
are oriented along the z-axis, located at y = —d,0,d (for our chip d = 100 pm,
see Fig.6.7). The currents in the outer wires are directed along —x while the

central wire current is along +x, and the magnitudes of the currents are the same
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in all three wires. Because the two external wires cancel each other’s field in the z
direction, the field directly below the central wire (x = 0) points in the y direction.
An additional strong magnetic bias field Bg is applied. The magnetic field under
the center of the chip is

j (6.32)

IU()[ 1 22
2 |z 224 d?

B(0,0,Z) :ng+_ |:_

The gradient of the field’s magnitude is directed along the z-axis and is given by

a|B(Oa 072)| o ,uo] 1 d2 — 22 ) R
P R R R (6.33)

22

This expression assumes that the atoms are exactly below the chip center, mean-
ing that the gradient and, thus, the force on the atoms is exerted only in the z
direction. The gradient calculated at z = d gives the same result as the single
wire configuration because the second term in the brackets zeros out when z = d,
leaving only the contribution due to the central wire. The direction of the force
may be reversed experimentally by reversing the direction of the currents. Eq. 6.32
is not exact as the wires have finite length and finite width; When necessary, the
fields generated by the chip wires are numerically calculated using the chip wire
parameters. The magnetic field produced by the SG wires on the atom chip, as

calculated by such a simulation, is shown in Fig.6.7.

6.6.3 Magnetic gradient pulses
Taken from the supplementary material of [13].

The pulses of the magnetic gradient are formed by running a current through three
parallel wires, with alternating current orientation, forming a magnetic quadrupole
capable of producing high magnetic gradients with low magnetic fields. The wires
are 2 um thick, 40 ym wide, and are positioned 100 um apart (center to center),
creating a quadrupole 97 um below the surface of the chip (see Fig.3.11). The
currents are produced by a homemade current source, with high stability and fast
response, controlled by an analog signal input. The current source has a maximum
slew rate of 30mA /us, a maximum current of 1 A and stability of 100 ppm. We

control the current source by an arbitrary waveform generator, which allows us to
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Figure 6.7: The magnetic field produced by the SG wires on the atom chip: The field is
calculated numerically using the chip wire parameters, by dividing the wires into a grid
of several smaller wires and calculating the field using the Biot-Savart law'. The bias
field is set to By, = 12.6 [G], By, = 0.7 [G], and the current in the SG wires to 500 mA.
The three SG wires create a quadrupole field, with a zero field point at a distance
Zquad = 98 pm from the center of the chip wire (or 97 um from the chip surface). The
sum of the SG wires field and the bias field creates a curved field with a negative/positive
curvature, depending on the sign of the current in the SG wires. In our case we aim to
apply a force towards the chip on atoms in low-field seeking states. Hence, we use the
configuration with the positive curvature depicted in the blue line.

! This is done using a Matlab program, written by Yonathan Japha from our group.

create smooth and accurate pulses. To obtain a smooth pulse, we demand that
the time derivative 01 /0t is continuous and vanishes at the beginning and end of
the pulse. We choose to use a cosine pulse shape, as it fulfills the conditions of a
smooth pulse and is analytically solvable when calculating trajectories and phases.

The equation describing the current for a pulse starting at ¢y, rise and fall times
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of 7, separated by a duration w of constant current A is given by

p

0 for t < to
Im%(l—cos(@)) fortg <t <toy+T7
I(t) 9 Tmax for to+7<t<tgy+74+w (634)

L“%(l—cos(”%o_w))) forto+7+w<t<to+2r+w

0 fort >ty + 27 +w

\

The area under such a pulse is I (7 + w). The scheme has two short kick
pulses, and one longer holding pulse. The kick pulses have a rise and fall time of
Tiick = 40 pus each, with w = 0 and I, = Ik, so that the area of the pulse is
Iyiek - Tkick- The longer holding pulse has a rise and fall time of 7,0 = 12 s, and a
duration w = T} — Thoq Of constant current Ih,,4 so that the total area of the pulse

18 [hold . Th-

The acceleration during the holding pulse is tuned to hold the |1) state against
gravity. Measurement of the acceleration of the atoms shows that the required
current is Ipoq = 23.07 £ 1.49mA. To maintain the symmetry of the scheme, the
momentum given by the two kick pulses should be equal to the momentum given
by the holding pulse, which gives the conditions

g
2Tiick

Th ’ (635)

Alick =

Qhold = 0 - (636)

To improve the response of the current source and reduce the effect of the ambient
gradient in the chamber, we set the current between the pulses to a finite value,
which we call the idle current, and set its value to Iige = 0.47mA. The idle is on
during the entire interferometer sequence. By including the idle current, we get

the following requirements for the currents

(Lxick — Lidie) 27xick = (Lhold — Lidie) Th (6.37)
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Io _]i e
Lo = 220 T 4 Lo (6.38)

2Thick

6.6.4 Calibration of the holding current

To calibrate the holding current [,,4, we measured the acceleration of the atoms
as a function of the current in the SG wires. For each value of the current, we
measured the position of the atoms along the z-axis as a function of time while
being held, and fitted each data set to a parabola. The holding current is adjusted
so that the total acceleration is equal to zero, namely, the acceleration due to the
holding pulse cancels the acceleration due to gravity and the residual magnetic
gradient in the chamber. The measurement is shown in Fig. 6.8, and yields a value
of Iholg = 23 + 1.5mA.
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Figure 6.8: Calibration of the holding current: (a) Position along the z-axis vs. time
for different holding current values. Each data set is fitted with a parabola of the form
2(t) = 20 + vot + 3at®, where we set 29 = 132 for all the data sets (note that the chip’s
position in this measurement was not calibrated to z = 0. As we are interested in
the shape of trajectories, the constant shift in z is irrelevant). (b) The acceleration of
the atoms vs. the holding current. A linear fit predicts a zero acceleration for Ijoq =
23 £+ 1.5mA.
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6.7 Trap characterization

We characterized the magnetic trap in the experiment. Here we provide details on

the trap bottom, trap frequency, and initial position stability.

A measurement of the trap frequency is shown in Fig. 6.10, and the trap bottom is
shown in Fig.6.11. The measurements yield a trap frequency of 1009 + 4 Hz, and
a trap bottom of 0.425 + 0.005 MHz.

6.7.1 Initial position stability

Since the magnetic potential is curved, the magnetic gradient is not constant and
varies with position. Consequently, the phase and visibility of the interferometer
are sensitive to changes in the atoms’ initial position, potentially causing both

shot-to-shot instability and long-term drifts in the measurement results.

Our experimental procedure includes evaporative cooling in a magnetic trap gen-
erated by a macroscopic Z-shaped wire, which in previous SGI experiments served
as the starting point from which the atoms were released. The initial position fluc-
tuations of the atoms in the Z-wire magnetic trap are estimated to be 1 —2 ym. A
feasibility study using our numerical simulation showed that with initial position
fluctuations of 2 um, the signal will be lost after 2-3 full oscillations due to the

phase noise, which assured the necessity of a more stable trap.

The z-wire trap has two other significant flaws. First, it introduced drifts (low-
frequency noise) in the initial position of the atoms relative to the atom chip as the
z-wire leads expand or contract with temperature fluctuations. Second, the high
current required for the z-wire (20-90 A) resulted in a slow shut-off of the trap, with
a fall time of 400 us, and a residual current of 100 mA for 2ms after shutting off
the current. This residual current introduced a transient magnetic gradient that
limited the MW and RF Ramsey sequence’s coherence time, significantly reducing
the SGI’s visibility.

On the other hand, the atom chip trap requires less than 1 A, and operates with
a battery-powered, high-stability current source that can shut off the current in

less than 10 pus. Moreover, it does not suffer from long-term drifts as it is part of
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the atom chip itself. Indeed, after switching to the atom chip trap, we observed a

significant improvement in the Ramsey sequence’s coherence time.

To estimate the stability of the trap position, we measured the shot-to-shot fluctu-

ations of the final position of the trap, resulting in a STD of 0.1 um (see Fig. 6.12).

The high positional stability is a key advantage of the atom chip trap over the
z-wire trap, enabling improved visibility, enhanced phase stability, and greater
spatial splitting compared to previous experiments [15, 114]. The atom chip trap
also reduces low-frequency noise (drifts) in the interferometer, enhancing the long-
term stability of the phase, allowing for long sessions of data taking (3-6 hours of

data for one graph), and high repeatability of the experiment.

6.8 Wave-packet size

Taken from the supplementary material of [13].

Direct experimental measurement of the wave-packet size is a hard task. To begin
with, our optical resolution is only 3 um. Second, imaging near the chip distorts
the image due to diffraction from the chip. Diffraction also originates from the high
optical density of the atom cloud. Finally, the magnetic potential of the DKC, as
well as the magnetic fields during the SG kicks, are curved as they emanate from
the nearby chip wires. These curvatures create lensing (focusing) effects, which
result in fast changes in the wave-packet size over time. Given these restrictions,
when imaging the wave-packet width we observe a width of 3 —4 ym on the CCD,

which indicates that the actual size is most probably below our optical resolution.

A better estimation of wave-packet size is derived using our accurate numerical
simulation (Fig.6.13). The simulation shows that halfway through the interferom-
eter, the wave-packet size is in the range of 1 — 1.3 um. The maximum splitting

achieved is thus 6.5 times the wave-packet width.
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6.9 The trajectories in the QGI

We imaged the trajectories of the atoms during the interferometer sequence of the
QGI, which proved to be a daunting task due to the reasons mentioned above in
Sec.6.8. In addition to the reasons mentioned, which limit the estimation of the
wave-packet size, determining the absolute position of the atoms is also affected

9

by ”chromatic aberrations,” namely a dependence of the measured position on the
detuning of the imaging beam. Together with the fast-changing magnetic gradients
which are part of the QGI sequence, the imaging accuracy is heavily restricted.
Nonetheless, we succeeded in imaging the trajectories of the atoms during the
QGI as shown in Fig.6.14. The measurement also demonstrates the effect of the
detuning, as for each detuning, we get not only a shift of the imaged trajectory
but also a different trajectory shape. In this imaging process, we observe a max-
imal separation of the two arms of 6.8 um, which stands in reasonable agreement
with the numerical simulation that predicts a maximal separation of 7.5 yum. The

prediction for the trajectories in the numerical simulation is shown in Fig. 6.15.
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Figure 6.9: Linearity of the kick pulse: Measuring the momentum splitting of the
atoms after applying a kick pulse of different amplitudes. The splitting along the z-axis
is measured by imaging the atoms after a time of flight of 19.536 ms and fitting each wave
packet to a Gaussian. As the fitting process does not always find the two wave packets,
we clean the data by removing outliers, using the ”Sigma clipping” [122] method with a
threshold of 20 (fitting a linear function, calculating o as the STD of the points from
the fitted line, and rejecting points more than 20 away from the fit, than repeating the
process iteratively until it converges). The blue points represent the data points after
removing the outliers, and the gray points represent the rejected data points; most of
the rejected points are indeed unsuccessful fits, while others are valid data points with
a residual larger than 20 from the linear fit.
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Figure 6.10: Measurement of the trap frequency for the final magnetic trap on the
atom chip: We kick the atoms and observe the oscillations in the trap. The position
of the atoms along the z-axis vs time shows harmonic oscillations with a frequency of
1009 + 4 Hz.
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Figure 6.11: Measurement of the trap bottom for the final magnetic trap on the atom
chip: The number of atoms as a function of the final RF frequency of the evaporation
stage shows a sharp decrease around 0.425 MHz, indicating that the trap bottom is
0.425 + 0.005 MHz. The atoms were imaged 20 ms after release from the trap.
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Figure 6.12: Initial position stability: Plotting the shot-to-shot fluctuations of the
position of the atoms along the z-axis reveals a STD of 0.1 um in the atom chip trap,
compared to 1.4 um in the z-wire trap. The high stability of the atom chip trap sig-
nificantly enhances the visibility and phase stability of the SGI. Note that while the
optical resolution is 3 um, the position of the center of the cloud can be resolved at a
much higher precision. The position is calculated from the data of the whole cloud by
a 2D-Gaussian fit, which results in precision much better than the optical resolution,
which only defines the ability to resolve two nearby spots. Taken from [13].
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Figure 6.13: Wave-packet size during the QGI: Numerical calculation of the wave
packet size and the maximal splitting for different interferometer durations. The wave-
packet width is defined by the Gaussian width of the wave packet along the z-axis. At the
largest holding duration, the maximal splitting is 7.5 ym, and the wave-packet widths
are 1 ym and 1.3 um, for the reference and ballistic wave packets, respectively. Taken
from [13].
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Figure 6.14: Measured trajectories in the QGI: position of the atoms vs time from the
trap release. The [2,1) state was imaged in two different imaging setups, one using ab-
sorption reflection imaging, with three different detunings; the second used dark ground
reflection imaging, in which the imaging beam is blocked after leaving the vacuum cham-
ber, and only the light scattered by the atoms reaches the CCD. The inset shows the
trajectories of the two states in the interferometer, with a maximal separation of 6.8 pym.
The imaging accuracy is heavily restricted due to reasons explained in Sec. 6.8 and 6.9.
To image the position of the |1,0) state, which is a dark state for our imaging beam, we
first apply a short 30 us pulse of repumper laser to pump the atoms into a bright state.
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Figure 6.15: Simulated trajectories of the wave packets for different holding durations:
The trajectories of the two arms of the interferometer, calculated by the numerical
simulation for holding durations T}, = 232,742,1252,1762,2272 us. Dashed blue lines
represent the ballistic trajectory, and solid red lines the static wave packet. At the end of
the interferometer, a small spatial splitting can be seen, on the order of 0.1 um. For T, =
2272 us, the spatial splitting between the two arms halfway through the interferometer
reaches 7.5 um. The trajectories are plotted until the time in which the final (second)
/2 is applied. Taken from [13].
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Appendix A

Apparatus details

In this appendix we add two additional figures to Sec.3.5. In Fig. A.1 we show
the atom chip holder with the copper structure that are used for producing the
magnetic fields during the 3D-MOT (copper U) and magnetic trap (copper Z). In
Fig. A.2 we show the heat management of the atom chip mount, including the heat

sink and ”super wire”.

In Table A.1 we present the calibration of the current source used for the SG coils.
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Figure A.1: The MACOR block that holds the copper structure: The atom chip is glued on the MACOR with
UHV-compatible epoxy. Careful measurements of the vertical distance between the copper and the surface of
the MACOR were performed to determine the safe range of the thermal expansion of the mount. The copper
structure is used for producing the magnetic fields during the 3D-MOT (copper U, in yellow) and magnetic
trap (copper Z, in red).



Figure A.2: Heat management for the atom chip mount: A copper heat sink (circled in red) attached to the
feedthrough significantly increases the heat capacity and surface area for extracting heat from the vacuum side.
The ”super wire” (green arrow), made of seven independent Kapton-coated copper wires soldered together at
each end (blue arrow), is used to connect the heat sink to the wires leading to the power supply. The super
wire can hold a DC current of 90 Ampere with only a one-degree Celsius increase in temperature.
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Calibration table for the Stern-Gerlach current source, all units are mA

| input || measured Reading error || input || measured |Reading error
0.000 0.125 0.002 201.049201.30 0.1
0.200 |0.126 0.003 223.1731223.40 0.1
0.250 |0.126 0.002 227.676(227.80 0.1
0.260 |0.314 0.002 241.568 [241.83 0.0
0.270 0.313 0.002 256.407 [256.77 0.0
0.300 |0.315 0.003 264.804 265.11 0.0
0.400 |0.467 0.003 270.433270.70 0.1
0.600 0.469 0.003 285.564 285.90 0.1
0.800 0.853 0.003 316.552(316.91 0.2
1.000 [1.040 0.003 447.347 447.70 0.1
2.000 |2.081 0.002 456.213 [456.50 0.2
3.000 [3.002 0.002 474.948 475.40 0.1
4.000 4.067 0.003 482.990 1483.40 0.1
5.000 14.959 0.002 489.834 1490.20 0.1
19.826 |20.004 0.001 495.3511495.80 0.1
23.000 |23.096 0.005 505.024 1505.40 0.1
23.100 |23.093 0.005 560.0211560.60 0.2
23.200 |23.280 0.004 576.662|577.10 0.1
23.300 |23.279 0.004 587.667 |588.00 0.1
23.400 [23.476 0.002 595.567596.10 0.1
23.500 |23.663 0.002 595.8421596.30 0.1
23.600 |23.665 0.002 624.4781625.10 0.1
23.700 |23.817 0.003 660.337 1660.80 0.1
23.800 [23.814 0.003 736.768(737.40 0.1
23.900 [24.004 0.003 751.584[752.20 0.2
24.000 |24.175 0.003 768.703769.20 0.2
50.620 |50.640 0.010 774.373(774.80 0.1
53.933 |53.970 0.010 810.468811.00 0.1
62.846 [62.900 0.100 817.034817.80 0.1
71.225 [71.430 0.010 858.214858.70 0.1
96.663 [96.803 0.010 870.771871.40 0.1
124.546 [124.600 0.100 876.1501876.80 0.1

from the experimental control.
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Table A.1: Current source calibration table: The current source used for the SG wires on the atom chip was
measured using an ammeter (Keithley 2000 6.5 digit). All values are inmA. The current source is controlled
by an analog signal from an arbitrary waveform generator (Agilent 33220A), which receives a digital waveform
To ensure correct calibration and estimate the precision of the source, we
measure the output current against the input value from the experimental control. The 14-bit resolution of
the digital to analog converter in the Agilent 33220A, with the conversion of input voltage to current in the
current source (/1A /10V) results in a resolution of 0.18 mA in the current, as can be seen in the table for
the measurements in the range of 23-24 mA, where we scan the input every 0.1 mA, but the current moves
discretely with jumps of ~0.18 mA.
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