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Abstract

In recent decades, atom interferometry has become an important tool for both
fundamental and applied experiments in the diverse fields of atomic physics,
quantum optics and metrology [1–4]. Atom interferometers are used, for
example, in high precision measurements of acceleration, gravity [5–8], and
rotation [9–12], for better understanding of quantum decoherence [13–15], for
precision measurements of fundamental constants [16–21], and for precision
tests of the theory of general relativity [22–27]. One possible tool for atom
interferometry is the atom chip [28–32], allowing a high level of spatial and
temporal control of local fields.

In my Ph.D. I used a new type of atom interferometer based on the atom
chip: the Stern-Gerlach interferometer (SGI). In this thesis I describe how
we improved the SGI operation over what was previously demonstrated in
our lab [33], and our achievements when using it in several different projects.
Following the first two chapters in which I present the background for my
work and the experimental setup, I describe in detail the different projects
realized as part of my Ph.D. thesis.

In the first project, presented in chapter 3 (paper attached in Appendix A),
we use the SGI to demonstrate a new tool for investigating the effect of time
at the interface of the general theory of relativity and quantum mechanics.
For this we use a self-interfering clock, comprising two atomic spin states.
We prepare the clock in a spatial superposition of quantum wave packets,
which evolve coherently along two paths into a stable interference pattern
(to the best of our knowledge this is the first time a clock is put in a spatial
superposition). If we make the clock wave packets tick at different rates,
to simulate a gravitational time lag, the clock time along each path yields
“which path” information, degrading the patterns visibility. In contrast, in
standard quantum mechanics which does not account for proper time, time
cannot yield “which path” information. These results have been published
in: Science 349, 1205 (2015) (Ref. [34]).

In the second project (paper attached in Appendix B), we theoretically
define and experimentally demonstrate a new complementarity relation for
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quantum clocks in the context of general relativity. We analyze this relation
in detail and point out special cases. Our analysis highlights a fundamental
principle in the interplay between general relativity and quantum mechanics
and may shed light on ongoing debates. These results have been accepted
for publication in Classical and Quantum Gravity.

In the third project, presented in chapter 4 (paper attached in Appendix C),
we address the coherence of the SGI. Several previous theoretical works have
predicted that the SGI cannot be coherent because macroscopic magnets
cannot achieve the required accuracy, while we are able to demonstrate a
very high level of coherence. Here we analyze in detail a high-visibility SG
interference pattern (to the best of our knowledge this is the first time a
high-visibility SG interference pattern is observed from the SGI, as origi-
nally envisioned, namely, a freely propagating atom exposed to a magnetic
gradient from macroscopic magnets). We accomplish this using accurate
magnetic fields produced by the atom chip, which ensure coherent operation
despite strict constraints described by previous theoretical analyses, includ-
ing restrictions which originate in the uncertainty principle. Finally, we also
interpret our analysis in the framework of time irreversibility. The fact that
the SGI may not achieve a high level of coherence was attributed by the
above noted theoretical works to time irreversibility, and consequently we
may interpret our SGI results as probing time irreversibility. These results
have been submitted for publication (see arXiv:1801.02708).

In the fourth project (paper attached in Appendix D), we use our accu-
rate SG magnetic gradients, developed for the SGI (although we don’t use
interferometry here, but rather entanglement), to study quantum thermody-
namics. Collaborating with a theoretical group from Argentina (Juan Pablo
Paz), we show the first implementation of a “quantum work meter” operat-
ing on an ensemble of cold atoms. This device not only directly measures
work but also directly samples its probability distribution. We demonstrate
the operation of this new tool and use it to verify the validity of the quan-
tum version of the Jarzynksi identity. These results have been published in
Nature Communications 8, 1241 (2017) (Ref. [35]).

In chapter 5, I end with short conclusions and an outlook.
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Chapter 1

Introduction

1.1 Atom interferometry

A spatial atom interferometer (AI) is a tool which uses the de Broglie wave
property of atoms in interference experiments, in a manner analogue to that
of light waves in optical interferometers. Spatial atom interferometry is the
modern extension and generalization of techniques that were developed for
manipulating internal quantum states of atoms at the beginning of the 20th
century. Prominent examples are the Rabi oscillations technique [36], en-
abling to manipulate an atom’s internal state using resonant RF radiation,
and Ramsey’s separated oscillatory fields technique [37], enabling to probe
atomic transition frequencies with high precision. Nowadays these techniques
constitute key concepts in the scientific field of atomic, molecular, and opti-
cal physics (including in this thesis), as well as in many technological devices
(e.g. atomic clocks). The first AIs which manipulated external atomic de-
grees of freedom as well as internal ones were pioneered in the end of the
1980s. In parallel to AI, interferometric techniques utilizing electrons [38],
neutrons [39], and molecules [40] have been developed.

Modern state of the art AIs rely on the interaction of the atoms with
laser light pulses for splitting and recombining, and are based on either stim-
ulated Raman transitions (sometimes named Kasecivh-Chu interferometer),
or Bragg diffraction of the atoms. Nowadays these interferometers have been
developed to be extremely sensitive devices (e.g. most of the papers concern-
ing high precision measurements cited in the abstract use these techniques).
Other examples of modern AIs are double-well interferometers produced by
optical potentials [41], or by magnetic, RF and MW potentials on an atom
chip [42, 43].

Future AI prospects include proposals for tests of the theory of general
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relativity with improved accuracy [44–46], or using antimatter [47]; testing
atom and neutron neutrality with atom interferometry [48]; and proposals
for gravitational wave detection [49, 50].

Since atom optics uses matter waves just like light optics uses light waves,
many ideas and techniques are borrowed and adapted from light optics. But
the application of these techniques on matter waves is not always straightfor-
ward. Coherent light sources (lasers) are easily accessible, and coherent split-
ting and reflecting of a light beam is done using simple devices (beam splitters
and mirrors). In contrast, constructing a coherent matter-wave beam splitter
is a more complicated task. Due to the nature of the matter-waves, an AI
requires delicate techniques in order to coherently prepare, split, reflect, and
measure the atoms traversing the interferometer.

In order to construct a spatial AI, one requires to replicate the following
components of an optical interferometer [2]:

1. State selection and localization of the initial state.

2. Coherent spatial splitting, to produce two (or more) localized wave
packets with a well-defined relative phase.

3. Free propagation so that interactions can be applied to one arm, i.e.
one of the localized wave packets.

4. Coherent Recombination so that phase information gets converted back
into state populations (resulting in population fringes1), or imprinted
in the phase of spatial interference fringes.

5. Detection is done in one of two ways, depending on the type of observ-
able:

− Measuring state population in each output port (in a Mach-Zehnder
type interferometer), or measuring the spin population in a two-
level system in a single output port (our SG interferometer has
one input port and one output port, like in the Aharonov-Bohm
electron interferometer), so that the relative phase of the wave
function components can be determined from the population ra-
tio.

1Since the probability of an atom to exit the interferometer in a given internal state
depends on the relative phase accumulated between the interferometer arms, scanning the
phase causes the atomic population to oscillate between the output ports, each correspond-
ing to a different internal state. This oscillation is sometimes called ‘population fringes’,
in analogy to spatial interference fringes. The oscillations can also manifest themselves as
oscillations between spin states when there is only one output port, as in our case.
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− Observing the resulting spatial interference fringes by imaging the
density profile of the atoms in space.

In this thesis, we realize these components in the following way:

1. State selection and localization - using laser cooling, optical pumping,
and evaporative cooling to reach a Bose-Einstein condensate (Sec. 2.2).

2. Coherent splitting - using the SGBS2 [33] (see Sec. 1.2) - by applying
Rabi pulses and magnetic gradients, generated by the atom chip wires.

3. During free propagation the system freely evolves, and gravity, or sim-
ulated general-relativistic redshift (used in Sec. 3) creates a phase dif-
ference between the arms.

4. Coherent recombination - again using magnetic gradients and Rabi
pulses.

5. Detection of either state populations or spatial interference fringes is
done using absorption imaging (Sec. 2.1.3), which images the atomic
density distribution in space.

1.2 The Stern-Gerlach Interferometer

The Stern-Gerlach (SG) effect [51, 52], discovered almost a century ago, has
become a paradigm of quantum mechanics. In the SG effect, atoms with
different spin states (and accordingly with different magnetic moments) are
split into different momentum states due to an applied magnetic gradient.
Since its discovery, it was envisioned that the SG effect may be used as a
building block of an atom interferometer. However, starting with Heisenberg,
Bohm and Wigner [53] a coherent SGI was considered impractical because
it was thought that the macroscopic device could not be precise enough
to ensure a reversible splitting process. Bohm, for example, noted that the
magnet would need to have “fantastic” accuracy [54]. Englert, Schwinger and
Scully analyzed the effect in more detail and coined it the Humpty-Dumpty
(HD) effect [55–57]. They too concluded that for significant coherence to be
observed, exceptional precision would be required.

In 2013, our group has demonstrated for the first time a spatial SG in-
terference pattern, by using the ‘Stern-Gerlach interferometer’ (SGI) [33].
To explain the experimental sequence of the SGI, we use the state notation

2The term ‘Field Gradient Beam Splitter’ was used in [33] to describe the splitting
process; in this thesis we use the term ’Stern-Gerlach Beam Splitter’ (SGBS).
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|1,p1〉 and |2,p2〉 where 1,2 represents the internal atomic spin states and
p1,2 is the state momentum. The SGI can be described by the following
general sequence:

1. We start with atoms in the state |2〉.

2. A π/2 pulse creates a superposition of two internal states, and the wave
function reads |ψ〉 = (|1〉+ |2〉)/

√
2.

3. A splitting pulse is applied by using a state-dependent force for time
T1, and each part of the wave packet is accelerated; the wave function
now reads |ψ〉 = (|1,p1〉+ |2,p2〉)/

√
2.

4. Another π/2 pulse is applied, thereby creating a four-part wave function
of the form |ψ〉 = (|1,p1〉+ |1,p2〉 − |2,p1〉+ |2,p2〉)/2.

5. A final stopping pulse is applied for duration T2, with separation Td
from the splitting pulse. Discarding the mF = 1 states, the wave
function is then |ψ〉 = (|2,pf , z1〉+ |2,pf , z2〉)/

√
2, where pf represents

the final momentum of the mF = 2 state, and z1,2 is the position of
each wave packet.

6. After an additional time-of-flight (TOF), the wave packets expand and
overlap, creating a spatial interference pattern.

Items 1-4 represent the Stern-Gerlach beam splitter (SGBS), and item 5
represents a ‘mirror’, reflecting both arms to the same direction by stopping
their relative velocity. Together, they constitute the SGI. Figure 1.1 shows a
schematic of this sequence. The reason that the stopping pulse can apply a
differential force on wave packets with the same spin state, is due to the fact
that when this pulse is applied, the wave packets are at different distances
from the chip. As the chip gradient is non-linear, they feel a differential force.
The stopping pulse also splits the mF = 1, 2 wave packets, such that after
long TOF (i.e. in ‘far field’) the different values of momentum transform
into different final positions, and we can observe two interference patterns
separated in space, one for each mF state.3

This scheme was realized in our group using a Bose-Einstein condensate
(BEC) of 87Rb atoms utilizing the internal states |1〉 ≡ |F = 2,mF = 1〉 and
|2〉 ≡ |F = 2,mF = 2〉, which have different magnetic moments. The state-
dependent force is due to the Stern-Gerlach effect, created by running current
on an atom chip wire, which generates the required magnetic gradient.

3In the experiment, we usually observe only the mF = 2 interference pattern, and
neglect the mF = 1 states.
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Figure 1.1: Schematic of the half-loop interferometer (in contrast to the full-
loop interferometer, described in Chap. 4), which is the previously demon-
strated SGI. Here the signal is spatial interference fringes. For interference to
occur the two wave packets are made to have the same spin with a π/2 pulse
and a selection of two of the four emerging wave packets. The half-loop can
be thought as an analogue to the two slit experiment, where each part of the
split wave packet is a source, moving towards the screen. Their expansion
leads to overlap, and eventually we see interference on the screen.

The previous realization of the SGI in our group [33] had limited spatial
and momentum splitting, limited single-shot interference visibility, and ex-
hibited interference phase noise on the order of ∼1 radians over a time span
of half an hour. The results regarding single-shot visibility and phase stabil-
ity of the previous realization are presented in Fig. 1.2. The results of this
thesis are based on improvements made to the SGI, giving improved phase
stability, increased maximum spatial splitting, and improved single shot visi-
bility. The improvements are discussed in chapters 3 and 4. I am now writing
a paper describing the improved half-loop experiment and results.

In addition to realizing clock interferometry, another main result in this
thesis is the realization of a full-loop SGI, described in Chap. 4, in which
the two interferometer arms are brought together at the end of the sequence.
The full-loop enabled us to improve the maximum momentum splitting of the
SGI, as well as study fundamental effects. We refer to the previous sequence
as the half-loop SGI, since the trajectories of the wave packets do not close
in space before significant expansion occurs.
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Figure 1.2: Visibility and phase stability results of the previous SGI real-
ization [33]. (a) Averaged optical density image of a set of 29 consecutive
single images in the first half hour of an interferometric measurement ses-
sion (one image per minute), and a one-dimensional cut (data and fit). (b)
Phase distribution of the 29 images in π/6 radian bins, with a width of 1.04
radians (r.m.s.). (c) Phase of fringes of averaged running sets (‘windows’) of
16 images over a total set of 55 consecutive images. This shows a long-term
variation of the phase that is approximated by a sine fit (solid line) with an
amplitude of 1.35 radian and a period of 65 min. The 29 images analyzed in
a were taken near the maximum of the long-term variation.

1.3 Overview of this thesis

Each of the four papers discussed in the abstract appears as a separate ap-
pendix at the end of the thesis (appendices A-D). Chapter 2 describes the
experimental setup, and additional details regarding working with the atom
chip. Chapters 3 and 4 are based on papers in which I was the first author;
they start with a short introduction and summary of the main results, while
the rest of each chapter contains elaborate experimental details and relevant
theoretical analyses (these parts are based on the supplementary material of
each paper).

6



Chapter 2

The experimental setup

This chapter briefly describes the experimental apparatus and the procedure
of the experiment. The experimental system is described in detail in the
PhD thesis of Shimon Machluf, who built the system [58]. The apparatus
consists of a vacuum system; lasers for cooling, optical pumping, imaging
and repumping; and the atom chip and its mount that create the magnetic
potentials. The experimental procedure is also relatively straightforward. We
collect atoms from a room-temperature background gas in a magneto-optical
trap; we then pump them into a magnetically trappable state and transfer
them to a magnetic trap; finally, we cool the cloud with forced evaporation
to the degeneracy temperature, after which we perform our experiments. I
have made quite a few improvements to the old experimental setup and these
are described in the following.

2.1 The apparatus

2.1.1 Vacuum

The center of the vacuum system is a 6-way cross to which all other vacuum
parts are connected. The frame is designed to hold the vacuum system
and magnetic coils rigidly, with as few vibrations as possible, but still with
enough space to enable easy access from all directions. At the bottom of
the 6-way cross we connect the science chamber and from the top we insert
the mount with the atom chip (Sec. 2.1.4). On two of the sides we have the
turbo-molecular pump and the ion pump.

We use the turbo-molecular pump (together with a roughing pump in
series) after we open the vacuum to replace the atom chip, when the pressure
is high. The turbo pump can reduce the pressure to ∼ 10−8 Torr. We then
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Figure 2.1: Laser setup and frequencies. (a) A Toptica DLX110 is used for
the main laser beam (cooler, optical pumping, and imaging) and a home-
made laser is used for the repumper beam. The beam paths (including
both of the spectroscopies) are shown with red (DLX110) and blue (home-
made) arrows. (b) Optical paths through the lenses, mechanical shutters
and AOMs are shown for the four beams. From top to bottom: repumper,
cooler, imaging, and optical pumping. (c) The four laser beam frequencies
are superimposed on the scheme of the 87Rb D2 transition hyperfine structure
[59]. The inset shows an absorption spectroscopy signal (top) compared with
the polarization spectroscopy signal (bottom) used in the experiment.

turn on the ion pump and turn off the turbo pump and disconnect it from the
vacuum setup. The ion pump lowers the pressure to ∼ 10−11 Torr. We use
a titanium sublimation pump occasionally to coat the chamber walls with
titanium in order to absorb residual particles thereby helping the ion pump.
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2.1.2 Lasers

We use two lasers with a total of four different frequencies. The main laser is
a Toptica DLX110 that delivers ∼ 750 mW, and its output beam is split into
three different frequencies for cooling, optical pumping and imaging. The
secondary laser, which is home-made, can deliver ∼ 40 mW and is used as a
repumper. The use of the four beams is explained below. The frequencies
of both lasers are fixed by a locking mechanism utilizing a rubidium cell and
polarization spectroscopy [60]. The four laser beams can be turned on and off
with mechanical light shutters [61], and their frequency and intensity is con-
trolled with acousto-optic modulators (AOMs). All four beams are coupled
into optical fibers and transferred to the science chamber. Figures 2.1(a,b)
show images of the optical table, and Fig. 2.1(c) shows a diagram of the four
frequencies relative to the rubidium atom energy levels and the spectroscopy
signal.

2.1.3 Imaging system

In the experiment we use two lenses (with 200 and 300 mm focal length,
50 mm diameter) to magnify the image of the cloud by a factor of 3/2. The
pixel size in the object plane is (2.3µm)2, and the diffraction limit of the
system is λ/(2NA) = 3.1µm, where NA = 0.126 is the numerical aperture
of the imaging system. We measure the resolution by imaging a narrow
cloud, a good approximation for a point-source object. Due to the limited
resolution, the narrow cloud is imaged as a Gaussian, where the resolution is
roughly the Gaussian width. The result of this measurement coincides with
the above calculation. However, in many cases we observe wave packets sizes
well above 3µm, in contrast to the theoretically expected wave packet size
(see Sec. 4.3.3). This implies we have some unexplained technical effects in
the imaging system.

In order to measure the atomic density we use resonant absorption imag-
ing tuned to the F = 2 → F ′ = 3 transition, where we observe the shadow
cast by the atoms in the imaging beam. The imaging beam propagates in
the y direction, where the image itself is projected onto the x and z (gravity)
plane. We compare the intensity I of a light pulse going through the atoms
with the intensity I0 of a similar light pulse that propagates in the absence
of atoms and use Beer’s law

I(xi, zj) = I0(xi, zj)e
−OD(xi,zj), (2.1)

where xi and zj are the positions corresponding to the pixel indices i and j
in the image matrix. The optical density (OD) is proportional to the column

9



density of the atoms at a given position
∫
n(x, y, z)dy, where x and z are the

object plane positions corresponding to xi and zj, respectively. The number
of atoms N(xi, zj) imaged by the pixel is

N(xi, zj) =
A

σ0

OD(xi, zj), (2.2)

where A is the pixel area in the object plane, σ0 = 3λ2/2π is the cross-
section for resonant atom-light scattering (for atoms in the mF = 2 Zeeman
sublevel and for σ+ polarized light), and λ ≈ 780 nm is the optical transition
wavelength.

2.1.4 The atom chip

The atom chip consists of a silicon wafer covered with gold, where insulating
gaps are created in the gold layer thus defining wires. Deposition of the gold
and creation of the wires is done in an advanced fabrication facility1 capable
of producing complex structures accurately, which in turn form the required
potential. For a review on atom chips, see [32].

The current design of the atom chip in use in designated BGU2 (Fig. 2.2).
Magnetic gradient pulses used in the experiments are generated by three
parallel gold wires located on the chip surface, which are 10 mm long, 40µm
wide and 2µm thick. The wires’ centers are separated by 100µm, and the
same current runs through them in alternating directions, creating a 2D
quadrupole field at z = 100µm below the atom chip2. The Stern-Gerlach
interferometer (SGI) phase noise is largely proportional to the magnitude
of the magnetic field created during the gradient pulse [33]. As the main
source of magnetic instability is in the gradient pulse originating from the
chip, positioning the atoms near the middle (zero) of the quadrupole field
created solely by the three chip wires 100µm below the chip surface reduces
the phase noise during the SGI operation; see Fig. 2.3 for more details.

The chip wire current is driven using simple 12 V batteries connected in
series. The current is modulated using a home-made current shutter based
on a transistor as a solid state switch, with on/off times as short as 1µs.
The total resistance of the three chip wires is ∼ 13.5 Ω, yielding a current of
12/13.5 = 0.81 A for a single battery (a 1 V drop exists in the circuit itself),
where we used currents up to 5.7 A in the experiments.

1We produce our chips in The Weiss Family Laboratory for Nano-scale Systems (http:
//in.bgu.ac.il/en/nano-fab/Pages/default.aspx) at Ben-Gurion University of the
Negev.

2Taking the non-zero wire widths into account, the actual position of the quadrupole
is 98µm below the chip.
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Figure 2.2: (a,b) Pictures of the BGU2 atom chip on its mount, with the
copper structure visible behind it. Note that its orientation in the exper-
imental setup is face down. Bonding wires connecting the chip wires and
the pins leading outside of the vacuum can be seen. (c) Magnetic field
strength below the atom chip, generated by the quadrupole field via the chip
wires (represented by the orange squares below the chip, see Fig. 2.3a) and
an homogeneous bias field By generated by external coils. The purple dot
shows the location of the trapped BEC, which has, according to simulation,
a Thomas-Fermi half-width in the yz plane of about 3µm. (d) Design of the
BGU2 atom chip. The chip size is 25 mm × 30 mm. The wires creating the
2D quadrupole field are located in the middle.
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The atom chip is glued to the mount, designed to hold the atom chip and
copper current-carrying wires (used to create the magneto-optical trap and
BEC) in the middle of the science chamber. In our experiment, the chip is
positioned on the top of the mount (see Fig. 2.2), which is inserted upside
down into the vacuum from the top part of the 6-way cross (Sec. 2.1.1) such
that the chip is below the lower end of the mount.

2.2 The experimental procedure

2.2.1 Magneto-optical trap

The experimental cycle takes ∼ 1 minute and starts with turning on the
magneto-optical trap (MOT). The MOT consists of three pairs of laser beams
together with a current of 45 A in a U-shaped copper wire and homogeneous
bias fields of∼ 5 and∼ 1 G in the y and z directions, respectively (see Fig. 2.2
for axes). A current in the rubidium dispensers, which release rubidium
atoms into the vacuum chamber, is also turned on for the first ∼ 12 s.

Each pair of laser beams consists of two counter-propagating beams, and
the three pairs are orthogonal to each other. The laser beams have two
different frequencies, for cooling and repumping (see the cooler and repumper
in Fig. 2.1). The cooler is ∼ 3Γ = 18 MHz red-detuned from the F = 2 →
F ′ = 3 transition. This cooling transition is sustainable as it consists of a
closed cycle because an atom in the excited F ′ = 3 state can only decay to
the F = 2 ground state.

Since the transition has a finite width, some atoms are excited to F ′ = 2
(∼1 out of 300), and they can consequently decay to the F = 1 ground state
and be lost from the cooling cycle. This will happen for ∼1 out of 1000
transitions, and since each atom is excited every ∼ 26 ns all atoms will move
to the F = 1 ground state in less than a millisecond. In order to bring
the atoms back to the cooling cycle, we add a repumper laser tuned to the
F = 1→ F ′ = 2 transition. From F ′ = 2 the atoms can decay to the F = 2
ground state and return to the cooling cycle.

The MOT is kept on for a total of 20 s, and at the end it contains ∼ 5×107

atoms. We keep the MOT for an extra 8 s after the dispensers are turned
off in order to pump the background gas, thus reducing the collision rate of
trapped atoms in the magnetic trap with the background room-temperature
atoms, and increasing the trap lifetime.
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Figure 2.3: Quadrupole field generation and its benefit. (a) Schematic di-
agram of the chip wires which are used to generate the quadrupole field.
Wires are 10 mm long, 40µm wide and 2µm thick. The separation between
the wires’ centers is 100µm, and the direction of the current I alternates
from one wire to the next. The wires, being much smaller than the size of
the chip (25 mm × 30 mm), are hardly visible in Fig. 2.2. (b) While the con-
stant bias magnetic field (dashed black line) is necessary to create an effective
two-level system, we do not require any additional bias to be produced by
the chip wires during the gradient pulses, but require only the gradient of the
field. One can see that the total magnitude of the magnetic field produced
by a quadrupole and a bias (red/orange lines) is smaller than that produced
by a single wire and a bias (blue line, as used in [33]), while the gradient
(at 100µm) is the same. Since the phase noise is largely proportional to
the magnitude of the magnetic field created during the splitting pulse [33],
positioning the atoms near the quadrupole position (98µm below the chip
surface) reduces the phase noise.
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Figure 2.4: Optical pumping. These are images of a Stern-Gerlach experi-
ment to measure the population in each Zeeman sublevel. The atom chip is
at z = 0 mm. (a) No optical pumping pulse. From top to bottom are the
mF = 0, mF = 1 and mF = 2 states. The mF = −1 and mF = −2 states are
not shown because they are high-field seeking states and they are accelerated
towards the atom chip, hit it and vanish from the image. (b) In the middle
of the optical pumping pulse. (c) At the end of the optical pumping pulse,
all the atoms are in the mF = 2 sublevel.

2.2.2 Preparation for the magnetic trap

Atoms from the MOT can be loaded directly into the magnetic trap, but the
efficiency of this transfer will be low. In order to increase the efficiency, a few
intermediate steps are performed. The first is to match the position and size
of the MOT with those of the magnetic trap. For this purpose we compress
the MOT and move it to ∼ 2.5 mm below the chip (the initial position of the
MOT is ∼ 7 mm below the chip). This change takes 100 ms in order to be
adiabatic and prevent oscillations of the cloud.

The second step is to further cool the cloud to enhance the initial phase-
space density in the magnetic trap. This is done in two stages: grey MOT
and molasses. The grey MOT is the last 3 ms of the compression in which we
increase the detuning of the cooling light to ∼ 6Γ. We then turn off the laser
beams and the magnetic fields. After 1.7 ms we turn on the laser beams, and
after another 1 ms we detune the cooling beams the farthest we can, up to
∼ 10Γ (due to the limited range of the AOM frequency shift). This last short
pulse (3.25 ms) is done without the magnetic fields and is called molasses
(or Sisyphus cooling). At the end of the molasses the cloud temperature is
∼ 100µK, and the atom number is the same as in the MOT, ∼ 5× 107.

The last step is to pump all the atoms into a magnetically trappable
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state, a low-field seeking state. In the MOT the atoms are distributed evenly
over the 5 possible Zeeman sublevels of the F = 2 ground state, but only
mF = 1 and mF = 2 are trappable sublevels. As we start the magnetic trap,
there is only a homogeneous field in the y direction for a brief period, during
which we apply a short σ+ polarized laser beam also in the y direction,
tuned to the F = 2 → F ′ = 2 transition. This optical pumping pulse
transfers angular momentum from the photons to the atoms and pumps
them to the F = 2,mF = 2 state, which is a dark state. Atoms that decay
to F = 1 are pumped back to F = 2 with the repumper laser, which is also
turned on. At the end of the optical pumping pulse all the atoms are in
the F = 2,mF = 2 state and the temperature of the cloud does not increase
significantly since each atom reaches the dark state after absorbing only a few
photons. Figure 2.4 shows three images during the optical pumping pulse.

2.2.3 Magnetic trap and evaporation

Magnetic trapping of neutral atoms is based on the interaction of the mag-
netic moment of the atom µ with the magnetic field B, of the form:

U = −µ ·B ' mFgFµB|B| (2.3)

where mF is the projection of the total atomic angular momentum F on the
quantization axis (the magnetic field in our case), gF is the Landé factor, and
µB is the Bohr magneton. Here we applied the adiabatic approximation, in
which we assume that the magnetic moment of the atom follows the direction
of the field adiabatically, thus the atom is moving in a potential proportional
to the modulus of the magnetic field |B|. This approximation is valid as
long as the Larmor precession frequency of the magnetic moment defined by
ωL = µB|B|/~ is larger than the frequency of the magnetic trap.

If the adiabaticity criterion is not satisfied, the atom’s magnetic moment
cannot follow the change of the magnetic field direction, and the atom might
escape the trap due to Majorana spin flips [62]. As a quadrupole field (used
during the MOT stage) contains a point with zero magnetic field, the loss rate
due to spin flips of atoms trapped in such a field increases as the temperature
decreases, since the atoms spend more time near the trap minimum. In
order to prevent this magnetic zero we use a Ioffe-Pritchard trap with a non-
zero minimum [28], which is created by using a right-angled Z-shaped wire
(with its center in the x direction) and a homogeneous bias field in the y
direction (the magnetic field value at the minimum is set by an additional
homogenous bias field in the x direction). In this harmonic trap, the rate of
change of the magnetic field (in the atom’s frame) is on the order of the trap
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frequency, usually less than a few kHz, compared to a Larmor frequency of
ωL & 0.5 MHz.

In our experiment, the initial magnetic trap position is ∼ 2.5 mm from
the atom chip, the cloud temperature is 300µK, and there are ∼ 4 × 107

atoms in the trap. As soon as the atoms are in the trap we start to evapo-
rate the hottest atoms. Evaporation works by removing the hottest atoms
from the trap using RF radiation which couples them to untrapped Zeeman
sublevels. The RF frequency starts at 50 MHz to remove the hottest atoms
and drops within 12 s in an exponential manner to a final value of ∼ 0.7 MHz
≈ (gFµB/h)× 1 G, a few tens of kHz above the trap minimum value.

2.2.4 Bose-Einstein condensation

At the end of the RF evaporation there are ∼ 104 atoms in the BEC state.
The trapping frequencies in the radial and axial directions are 2π × 585 and
2π × 40 Hz, respectively, and the trap is ∼ 500µm below the atom chip.
This is the starting point for the experiments presented in this thesis. The
evaporation can be stopped above or below the transition temperature to
BEC.

Figure 2.5 shows a series of images of a BEC after it is released from
the trap for an increasing time-of-flight (TOF). The main visible features
are that the cloud falls with gravity, and that the cloud expands mainly
in one direction (in fact, it expands in two directions but one of them is
along the imaging axis and it is integrated in the image). This anisotropic
expansion is a key characteristic of a BEC. For non-interacting atoms it
can be explained using the Uncertainty Principle, as the BEC is a minimal
uncertainty state and the shape of the cloud after TOF reflects its initial
momentum distribution. The trap has a “cigar” shape with its longitudinal
axis in the horizontal (x) direction. Hence, the uncertainty in the BEC
position is smaller in the radial axis (z in the figure, and the imaging axis y)
so that the momentum uncertainty is larger along this axis. After release,
the BEC expands faster in the radial direction and changes its shape into a
“pancake” shape. For interacting atoms such as those used in our experiment,
an additional explanation is necessary. According to the Gross-Pitaevskii
(GP) equation [63], the potential after release is only the interaction energy
and the force is F = −∇V ∝ −∇n, which is stronger in the radial direction
since the cloud is elongated. The expansion due to the interaction energy
has the same characteristics as those due to the uncertainty principle (as
explained above) but they are typically stronger and the contribution due to
the uncertainty principle can be neglected.
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Figure 2.5: Time-of-flight (TOF) measurement for a BEC. A series of images
for increasing TOF, where the color scheme in each image is normalized to the
peak optical density (OD) of the cloud in that image. For this reason, there is
no visible reduction of the OD with the expansion of the cloud while the level
of the background noise is increasing with TOF. The anisotropic expansion is
apparent. In the trap (not shown) the cloud is elongated with the longitudinal
(horizontal) axis being longer. As the BEC falls, the radial axis (vertical)
expands faster and after 5 ms the cloud looks round. After 11 − 13 ms the
cloud starts to look elongated in the radial direction, a tendency that becomes
clearer with longer TOF. The two insets enlarge the first and last images in
this series.

2.2.5 Changing trap position

After obtaining a BEC (Sec. 2.2.4), we prepare the atoms for the application
of the SGI by bringing the atoms closer to chip where the magnetic gradients
are higher, preferably close to the point of the quadrupole field (98µm from
the chip, see Sec. 2.1.4). We change the trap position by ramping down the
bias field in the y direction and the Z wire current (which creates the mag-
netic trap), while simultaneously turning off the bias field in the x direction
(creating a high trap-bottom magnetic field value), and ramping up the bias
field in the z direction to ∼ -2.7 A.

Since the Z trap is not positioned exactly below the center of the chip,
the z bias field has the important role of positioning the atoms exactly below
the center of the chip in the y direction. This is important in order to
make sure that all magnetic gradients applied on the atoms during the SGI
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push the atoms only in the z direction. If the atoms start with some shift
relative to the chip center in the y axis, the two interferometer arms obtain
some momentum difference in y during the SGI operation (translated into
position shift after TOF). This will either reduce the interference contrast, or
interference cannot be seen at all if the shift is too big. Since we image along
the y axis and cannot directly measure the separation of the atoms in this
axis, optimization of this parameter is done indirectly using the interference
contrast.

Changing the trap position by ramping down the currents is done adia-
batically during 250 ms, in order to prevent excitations and oscillations of the
cloud. After that we wait another 150 ms for the stabilization of the cloud,
and release the atom from the trap by closing the Z wire current. The extra
150 ms does not harm the BEC because when the trap bottom is high the
losses are negligible and the heating rate of the cloud is low (50 nK/s, com-
pared with about 0.5− 1µK/s for a trap with a low trap bottom, depending
on the exact trapping frequency and the trap bottom value).

2.2.6 Cleaning mF = 1 leftover

In order to achieve good operation of the SGI, a pure initial state is needed.
However due to the working principle of the evaporative cooling - coupling
atoms from mF = 2 to untrapped states through the mF = 1 Zeeman sub-
level, we usually see a leftover of about 10% of the atoms in mF = 1 when
the evaporation is stopped. This number can even increase to 20% due to
noise coupled to the system by our electronic equipment (e.g. RF generators,
switches and amplifiers).

In order to clean the mF = 1 leftover, we take advantage of the high
trap-bottom magnetic field value after changing the trap, which creates a
considerable non-linear Zeeman effect (see Sec. 2.2.7). This enables us to
couple atoms from mF = 1 to the untrapped mF = 0 state, without affecting
the BEC in the mF = 2 state (this is not possible when the trap bottom
is low, as the 2-1 and 1-0 transitions are too close). Cleaning is done by
scanning the frequency of the RF radiation around the 1-0 transition during
80 ms, about 100 ms before releasing the atoms from the trap.

2.2.7 Effective two-level system

The SGI is applied after releasing the atoms from the trap, while the atoms
are in free fall. In order to create an effective two-level system using the
mF = 1, 2 states, we apply a strong homogeneous magnetic field in the y
direction (left on after trap release for an additional few ms), and push the
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transition to mF = 0 out of resonance due to the non-linear Zeeman effect
(E21 ≈ h×25 MHz, E21 − E10 ≈ h×180 kHz) [59]. We couple the internal
spin states using on-resonance RF radiation, inducing a Rabi oscillations.

The RF signal is generated by an Agilent 33250A waveform generator
and subsequently amplified by a Minicircuit ZHL-3A amplifier. We generate
RF pulses using a Minicircuit ZYSWA-2-50DR RF switch. RF radiation is
transmitted through two of the copper wires located behind the chip (with
their leads showing in Fig. 2.2).

2.2.8 Population measurement using Stern-Gerlach split-
ting

In many experiments we need to count the number of atoms in each of the
mF = 1, 2 Zeeman sublevels, e.g. in order to measure the effect of a Rabi
pulse, or to measure the relative population in each output port of the SGI.
We do this by applying a gradient from the Z wire for 2-3 ms after completing
the experiment, which splits the atoms according to their Zeeman sublevels
(SG effect). After an additional 2 ms TOF, we take an absorption image of
the atoms, and count the number of atoms in each cloud.

In order to detect clouds with small numbers of atoms, we apply a low
pass filter on the resulting absorption image3. Since the noise in absorption
imaging has relatively high spatial frequencies which are also higher than
those of the atomic cloud, applying such a filter greatly increases the signal
to noise ratio, enabling to detect small atom numbers (∼200) with a relatively
simple imaging setup.

2.2.9 Calculating BEC fraction from a Bimodal fit

In some cases, we need to evaluate the BEC fraction, η, of our atoms, i.e.
what is the number of atoms occupying the ground state of the magnetic trap
out of the total number of atoms (e.g. in Chap. 4 we use η to try and evaluate
the contribution of thermal atoms to the loss of contrast in the full-loop SGI).
The BEC fraction is defined by η = NBEC/(Nthermal + NBEC), where NBEC

is the number of atoms in the BEC, and Nthermal is the number of thermal
atoms. Here we derive a relation between experimental parameters obtained
from fitting the imaged atomic absorption profile, to the BEC fraction η of
our cloud, which we want to evaluate from the fit parameters.

3Atom counting is always done on the absorption raw image; the low pass filter is only
used for cloud detection.
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We fit the optical density (OD) profile to a 2D bimodal fit function [58,
64], which is given by

OD(x, z) = AG exp

[
−(x− x0)2

2σ2
x

− (z − z0)2

2σ2
z

]

+ ATF max

[
1− (x− x0)2

w2
x

− (z − z0)2

w2
z

, 0

]3/2

.

(2.4)

The bimodal function has a thermal part represented by a Gaussian with
amplitude AG and widths σx, σz (along the x and z axes), and a BEC part
represented by a Thomas-Fermi profile with amplitude ATF and widths wx
and wz. This function does not depend on the y coordinate, since we image
along this axis (and thus physically integrate over it). We integrate over x
and z to obtain the total number of atoms:

N =
A

σ0

∑

pixels

OD −→ 1

σ0

∫∫ ∞

−∞
OD(x, z)dxdz

=
1

σ0

(AG2πσxσz +
1

5
ATF2πwxwz) = Nthermal +NBEC,

(2.5)

where A is the pixel area in the object plane, and σ0 is the cross-section for
resonant atom-light scattering (see Sec. 2.1.3). We divide by the pixel size A
when going from a sum to an integral. Hence the BEC condensate fraction
is given by

η =
NBEC

Nthermal +NBEC

=
1

1 +Nthermal/NBEC

=
1

1 + 5 AGσxσz
ATFwxwz

. (2.6)

Figure 2.6 shows experimental results of the BEC fraction, as a function of
the end frequency of last RF ramp. Since 2D bimodal fitting is not robust,
results are rather noisy. However, the expected trend of increasing BEC
fraction with decreasing frequency is clearly seen.

2.3 Working with the Atom Chip

In this section I discuss several points related to working with the atom chip
in a practical experiment. I present a calculation of the force generated by
the quadrupole on the atoms, and compare it to the experiment. I also
characterize the phase noise sources of the SGI.
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Figure 2.6: BEC fraction η vs. the end frequency of last RF ramp. This
frequency controls how much we cool the atoms, and hence controls the
fraction of atoms in the BEC. Results showing η = 0 were not included.

2.3.1 Magnetic force from a three-wire configuration

Here we derive an analytical expression for the force applied on the atoms
by the quadrupole field, which is useful when running an experiment in the
lab. The three chip wires generating the (2D) quadrupole field are oriented
along the x direction, and are located at y = 0,±d (for the BGU2 chip,
d = 100 µm, see Fig. 2.3). The current I in the central wire is in the positive
x direction, and in the other two wires it is in the opposite direction. Since
we don’t want abrupt changes in the magnetic field direction during the kick
(to ensure adiabaticity), we apply a bias field B0

y in the y direction, which is
the same direction as the field created by the chip wires. We calculate the
quadrupole field by summing the contribution of the 3 wires, while assuming
that the atoms are located exactly below the central wire (x = y = 0). At
this position the magnetic field B has only a y component:

B = (0, By, 0) ; where By = B0
y −

µ0I

2π

[
1

z
− 2z

z2 + z2
0

]
. (2.7)

A plot of By as a function of z is shown in Fig. 2.3, for several different
parameters. Under the adiabatic approximation (see Sec. 2.2.3), the magnetic
potential is given by

U = −µ ·B ' mFgFµB|B|. (2.8)
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The force acting on the atoms in state mF is then given by

FB =−∇U = −∇(−µ ·B) ' −∇(mFgFµB|B|)

=−mFgFµB

(
∂

∂x
,
∂

∂y
,
∂

∂z

)√
(By)2

=−mFgFµB ẑ
∂

∂z

[(
B0
y −

µ0I

2π

[
1

z
− 2z

z2 + z2
0

])
sign(By(z))

]

=− µµ0I

2π

[
1

z2
+ 2

z2
0 − z2

(z2
0 + z2)

2

]
sign[By(z)]ẑ.

(2.9)

The sign(By) term determines whether the atom would feel a force towards
the chip or away from it, since the sign of the force at point z depends
on whether the field is positive or negative at that point. This result is not
exact, but it helps us evaluate the force acting on the atoms in figure-of-merit
calculations (see comparison to the experiment in the next subsection).

2.3.2 Measurement of the Stern-Gerlach acceleration

An important basic test for using the chip in the SGBS is measuring the
differential Stern-Gerlach acceleration between the two states mF = 1 and
mF = 2 under a magnetic gradient, generated by running current on the
chip, and comparing this value to theory. Figure 2.7 shows the measured
velocity between the two states, as a function of the gradient pulse duration
(raw data are presented in Fig. 4.7). The slope of the data yields a differ-
ential acceleration of a = 626 ± 23 m/s2. The applied chip voltage is 12V,
generating a current of I = V/R = 12V/13.5Ω = 0.8889A (see Fig. 2.8 for a
measurement of the chip resistance R), and the atoms are at a distance of
95µm away from the chip.

Calculating the differential acceleration using Eq. 2.9, we obtain a =
665m/s2, which is 6% higher than the experimental value. This is because in
Eq. 2.9 we assumed the chip wires are infinitely long and also infinitely thin.
The latter assumption means that the current density goes to infinity, while
in reality it is limited, thus limiting the maximal magnetic gradient close
to the wires [28]. When a more accurate estimate is required, we take into
account the actual wire dimensions, dividing the wires into a grid of several
smaller wires, each with limited length4. Using this improved estimate and
the same parameters listed above for the atom’s position and the chip cur-
rent, we obtain a magnetic gradient of 0.19445 G/µm = 19.445 T/m. Thus

4This is done using a Matlab software, written by Yonathan Japha from our group.

22



0 1 2 3 4

x 10
−5

0

0.005

0.01

0.015

0.02

0.025

Fit function: ∆v(T) = aT
a = 626 ± 23 m/s2

Gradient pulse duration [s]

V
el

oc
ity

 d
iff

er
en

ce
 [m

/s
]

Figure 2.7: Measured momentum difference vs. gradient pulse duration. The
slope of the data yields the value for the differential acceleration, a. The un-
certainty in a is probably dominated by the fluctuating initial position of the
atoms below the chip, as the other parameters (chip current and pulse timing)
are very well controlled, see Sec. 2.3.3. Some raw data of this measurement
are shown in Fig. 4.7.

the relative acceleration between mF = 1, 2 states is

a =
∆F

m
=

∆mFgFµB
∂B
∂z

m

=
(2− 1) · 0.5 · 9.274 · 10−24[J/T] · 19.445[T/m]

1.44 ∗ 10−25[Kg]
= 626.15 m/s2,

(2.10)

which agrees well with the experimental value.
In this analysis, it seems natural to assume that the velocity difference

∆v between the two states is given by ∆v(T ) = aT , where a is the differential
acceleration, and T is the gradient pulse duration. However, previous results
of the SGBS operated on atoms in a magnetic trap have shown that there
is an additional velocity difference vr stemming from atom-atom repulsive
interaction, such that ∆v(T ) = aT + vr (see [58], Fig. 3.11). A value of
vr = 0.58 mm/s was obtained from a full Gross-Pitaevskii simulation, and
it agreed with the observed results. Nonetheless, our experiment is done
after the atoms are released from the trap. The characteristic time for the
potential atom-atom interaction energy to be converted into kinetic energy
is usually taken as 1/ωz, where ωz is the trap frequency in the z axis. In our

23



case, 1/ωz = 1/(2π × 127 [Hz]) = 1.3 ms (see Fig. 4.12 for a measurement
of the trap frequency), while the differential acceleration measurement is
performed 0.92 ms after release from trap. Thus we believe that atom-atom
interaction has a negligible effect in this measurement, since the SGBS was
applied after sufficient TOF, and interactions were already reduced.

2.3.3 Evaluating SGI phase noise

As previously discussed, an important parameter in the operation of any
interferometer is its phase noise5. Here we would like to characterize the
expected phase noise in the SGI operation, and discuss possible limiting
factors for the minimum attainable level of noise. In order to calculate the
phase acquired by the atoms, we assume that the atoms’ displacement during
the gradient pulse (which equals aT 2/2) is small, such that the gradient
that the atoms feel does not change much during the pulse. Then the total
phase that each mF state accumulates during the pulse is given by φ0 =
mFgFµB|B(I, z)|T/~, where µB is the Bohr magneton and gF the Landé
factor of the hyperfine level F . The phase noise is then given by

δφ

φ0

=

√(
δI

I

)2

+

(
δT

T

)2

, (2.11)

where δI/I and δT/T are the relative current fluctuations, and the pulse
timing fluctuations, respectively. It was previously shown that the initial
position fluctuations do not cause phase noise [33]. It should be noted that
this expression for the phase is a first-order approximation; higher orders
do exist, see [65]. One way of reducing δφ is minimizing δI/I and δT/T ,
by using better (i.e. more stable) sources for the current pulses. Another
way is to reduce φ0, which is the idea behind the quadrupole (in which φ0 is
minimized by taking B(z) close to zero, see Fig. 2.3).

It turns out that a current source is not a good choice for driving the gra-
dient pulses, as it cannot stabilize the current on the chip during the short
pulses used in our experiments (T ∼ 1−200µs). We thus use simple 12V bat-
teries (connected in series, if more voltage is required), and turn the voltage
ON/OFF by using several different models of home-made current shutters.
By doing this, we rely on the constant chip resistance. Ab initio, it is not
clear that the resistance of the chip should be stable, as there are two signifi-
cant heat loads close to the chip - the U and Z copper wires, which carry high

5In Chap. 4 we characterize the SGI stability by using the normalized multi-shot vis-
ibility, which also accounts for instabilities in the interference wavelength (periodicity),
and hence is more general. For simplicity, here we only discuss the phase instability.
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currents (see Fig. 2.2). Surprisingly, we found out that at the relevant time in
each experimental cycle, i.e. the time in which we drive the gradient pulses,
the chip resistance is quite constant from one cycle to the other, as can be
seen in Fig. 2.8. We can deduce that over the time scale of the performed
stability measurements (usually less than an hour), the resistance does not
change by more than a few milli-Ohms. For the entire 6 hour data set, we
get δR/R = 1.6 × 10−4. As the batteries have a measured voltage stability
δV ≈1 mV, we get a current stability of δI/I =

√
(δV/V )2 + (δR/R)2 ≈√

(1[mV]/12[V])2 + (1.6× 10−4)2 = 1.8 × 10−4. This is a good current sta-
bility, achieved with a simple voltage source.

On the other hand, the timing jitter of the PXI, which generates all
the analog and digital signals controlling the experiment, is about 5 ns. This
jitter has not been measured, and is based on the clock frequency of the PXI.
Improved timing has already been implemented in the system using an SRS
DG 645 Digital Delay Generator, but these new results are not included in
this thesis. For a gradient pulse duration of T = 5µs this yields δT/T ≈ 10−3.
Since (δT/T )2 � (δI/I)2, the timing instability is the dominant source of
noise in our case, and we obtain δφ/φ0 ≈ 10−3.

We can also measure the instability directly from the experiment. We note
that φ0 ∝ IT = Q, where Q is the total charge going through the chip wires
during the pulse. Therefore, in order to characterize the phase noise, we can
measure the charge noise. We do that using a Agilent Infiniium scope, which
integrates the chip voltage over time, and calculates the instability (standard
deviation) of the integral. We assume that the voltage is proportional to the
current, which is justified by our low resistance noise, seen in Fig. 2.8. A
characteristic measured value of the charge instability is δQ/Q = 3.6× 10−3,
which is in reasonable agreement with the previous estimated value for the
phase noise. These numbers thus show that we understand the sources of
current / charge noise in our system.

For a T = 10µs gradient pulse, and for atoms located 5µm away from the
quadrupole position, the above quoted values for the instabilities translate
into an absolute phase noise of δφ ≈ 0.004 − 0.01 rad. However, the best
experimental results we have show a phase noise of 0.12 rad (the highest
visibility point in Fig. 4.3). We can explain the discrepancy in several ways.
First, Eq. 2.11 is a very simplified model, neglecting effects of many param-
eters (e.g. the second gradient pulse, the delay between the pulses, etc.).
More comprehensive models are discussed in Chap. 4, and under certain as-
sumptions, fit the data well (see Fig. 4.3). We can note several other effects
which possibly limit the minimal attainable phase noise:

• Noisy external bias fields: while a major reduction is achieved by syn-
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Figure 2.8: Chip resistance vs. time (taken by a 4-point resistance measure-
ment, using a Keithly 2000 Multimeter). Left panel: chip resistance as a
function of time, measured continuously during 360 seconds, corresponding
to about 6 experimental cycles, where each cycle is about 1 minute long. The
observed resistance changes are due to the chip heating from heat dissipa-
tion of high currents running in the copper U and Z wires, located behind
the chip (see Fig. 2.2). One can see two stages of chip heating in the MOT
and magnetic trap stages, and then cooling back during the waiting time be-
tween the cycles. A long-term drift is also seen. Considering the temperature
coefficient of resistance for gold (the material composing the chip wires), this
corresponds to a temperature oscillation of about 0.3 degrees Celsius in each
cycle. Right panel: chip resistance measured for only a few ms directly after
the imaging time, as a function of cycle number, during about 6 hours (much
longer period of time than shown in the left panel). The chip resistance was
measured directly after the experiment ended (i.e. after the imaging), just
before it started to cool. This is in contrast to the measurement shown in
the left panel, which was a continuous one. The measured resistance thus
corresponds to the resistance of the chip only during the gradient pulses, and
consequently determines the current on the chip during the pulses (as we
use a voltage source, see text). Results show a small long-term drift, where
over the entire data set, δR/R = 1.6 × 10−4, where δR represents the stan-
dard deviation of the resistance. Any electrical device fed from the 50 Hz
grid which is connected to the chip destroys the BEC. In order to prevent
this from happening, we used a mechanical relay to disconnect the Keithly
Multimeter from the chip during the experiment.

chronizing the experiment with the 50 Hz electricity grid (Fig. 4.15),
this effect can still be significant.
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• Chip-to-camera relative position vibrations: assuming a shot-to-shot
instability of 1µm and a 31.4µm interference wavelength, these vibra-
tions would create a 2π/31.4 = 0.2 rad phase instability.

• The minimal phase measurement uncertainty, originating from the fit-
ting procedure, is usually around 0.1 rad.

2.4 Data collection during the Ph.D.

To conclude this chapter, I present in Fig. 2.9 a histogram showing the num-
ber of collected data points in the BEC2 system per day / month, over a
period of 6 years. I began working on the system towards the end of 2012,
and started my Ph.D. on October 2013. This figure represents the work of
all members of the BEC2 team.
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Figure 2.9: Number of experimental data points taken, per day (upper panel)
and per month (lower panel). The total number of points is 90257. As each
experimental cycle takes about one minute, it corresponds to 1500 hours,
or 63 days, of continuous data taking. This machine usage of about 3%
originates, among other things, from many upgrades and tests done to the
setup. A long downtime, starting around 7/2013, is due to the BGU2 chip
fabrication and installation.
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Chapter 3

A self-interfering clock as a
“which path” witness

In this chapter I briefly present the background, and summarize the main
results, of the paper “A self-interfering clock as a ‘which path’ witness”
(Science 349, 1205 (2015), Ref. [34]). The complete paper, in its published
version, appears in Appendix A. The rest of the chapter describes additional
experimental details and theoretical analyses regarding the paper (based on
the supplementary material of the paper).

3.1 Introduction

Quantum mechanics (QM) [66] and general relativity (GR) [67] have been
extensively and independently confirmed in numerous experiments [68]. How-
ever, it is claimed that all experiments which measured the influence of grav-
ity on quantum systems can be explained within Newtonian gravity [69, 70],
while all tests of GR (and indeed the theory itself) do not use quantum me-
chanics. This means that the interplay of the two theories still remains to a
large extent unexplored.

As modern atom interferometry evolves towards high-precision table-top
experiments for gravity, a growing number of experiments are using it for
precision tests of GR [22–27], many of which perform precision measurements
of phase shifts acquired due to gravity. In one specific example from 2010,
Müller et. al. have reinterpreted old experimental results, and claimed that
they provide a precise measurement of the gravitational redshift by using the
Compton frequency, thus forming a ‘Compton clock’ [71]. The experiment
is based on measuring the phase shift between two wave packets traversing
a spatial interferometer. This claim has led to a lasting debate (see [72] and
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references therein).
Within this context, Zych et. al. [69] proposed a “quantum effect that

cannot be explained without the general relativistic notion of proper time”,
to be measured in a matter-wave interferometer. The idea was to send a
‘clock’ - a particle with evolving internal degrees of freedom (in contrast to
the Compton clock) - through a spatial interferometer, whose arms are lo-
cated at different heights above Earth. The resulting interference pattern will
not only display a phase shift due to gravity (whose origin can be controver-
sial, as mentioned above), but will also display modulation of the visibility.
This modulation should arise due to the different ticking rates of the clock
wave packets in each arm, as predicted by GR. The clock time along each
path yields “which path” information, thus degrading the pattern’s visibility,
according to the quantum complementarity relation between the interfero-
metric visibility and the distinguishability of the wave packets. According to
Zych et. al., such a result “would provide the first test of the genuine general
relativistic notion of proper time in quantum mechanics”.

In our work, we demonstrated this new tool - the clock interferometer
- for investigating time in the overlap of QM and GR. As the genuine GR
proper time difference is too small to be measured with existing experimental
technology, we simulated the required proper time difference between the
clocks using magnetic gradients, causing the clock wave packets to “tick”
at different rates. We showed in this proof-of-principle experiment that the
visibility indeed oscillates as a function of the simulated proper time lag, and
thus tested the tool presented in the paper, within the framework of QM.
Our experiment, however, does not necessarily imply the results of the ‘real’
experiment (i.e. a clock interferometry experiment using a genuine GR effect
on the clocks). Various possible outcomes of such an experiment, and their
possible explanations, are presented in [69] (Table 1).

In the experiment we use a spatial superposition of a clock. We prepare
this state by first applying the SGBS to obtain a spatial superposition of
the same internal and momentum state, as described in Sec. 1.2, and then
initializing the clock state in each arm (see Fig. 3.1 for the general scheme of
the clock interferometer). As a clock, we use an internal state superposition
of two Zeeman sublevels, by preparing the atoms in the internal superposition
state (|1〉 + |2〉)/

√
2 using an RF pulse. This superposition state constitutes

a clock as it is a two-level system evolving with a known period, as in the
regular notion of an atomic clock.

In the ultimate experiment, each part of such a spatial superposition of a
clock, located at different heights above Earth, would ‘tick’ at different rates,
owing to gravitational time dilation. As a figure of merit for the magnitude
of this effect, we can calculate the proper time difference between two arms of
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Figure 3.1: Experimental sequence of the clock interferometer. (a) Timing
sequence (not to scale): Following a coherent spatial splitting by the Stern-
Gerlach beam splitter (SGBS) and a stopping pulse, the system consists of
two wave packets in the |2〉 state (separated along the z axis) with zero
relative velocity [33]. The clock is then initialized with an RF pulse of length
TR after which the relative “tick” rate of the two clock wave packets may
be changed by applying a magnetic field gradient ∂B/∂z of duration TG.
Finally, before an image is taken (in the xz plane), the wave packets are
allowed to expand and overlap. (b) The same sequence as in a presented in
space (in the yz plane). (c) Evolution in time, synchronized with a. Each
ball represents a clock wave packet, where the hand represents its phase.
When the clock reading (i.e. the position of the clock hand) in the two clock
wave packets is the same, fringe visibility is high. (d) When the clock reading
is opposite (orthogonal), there is no interference pattern.

the clock interferometer. Using a first-order approximation of gravitational
time dilation, and assuming a large separation between the arms of ∆h = 1
meter, and interferometer duration of T = 1 second, we find the proper time
difference between the arms to be only ∆τ ' Tg∆h/c2 ' 10−16 seconds.
Such a small time difference means that a very accurate and fast-ticking
clock must be sent through a large space-time area interferometer, in order

30



to observe this effect1. One beautiful demonstration of gravitational time
dilation is described in [73], where the ticking rate (i.e. frequency) of an high-
accuracy optical atomic clock is shown to change, due to a height difference
of 33 cm of the optical table holding the clock. This demonstration, however,
does not use interference of a clock in a spatial superposition, and in some
sense it represents a GR test which could have been done with a very accurate
classical clock.

In our experiment, the clock has a relatively slow ticking rate, and a small
height difference between the parts of the superposition, meaning the effect is
too small to observed. As mentioned above, we simulate the effect of gravity
by creating a ‘synthetic’ redshift, by applying an additional magnetic gradient
(of duration TG), causing the clock wave packets to “tick” at different rates.
We denote the “tick” rate difference by ∆ω.

Our results, presented in Fig. 3.2, show that the relative rotation between
the two clock wave packets affects the interferometric visibility. In the ex-
treme case, when the two clock states are orthogonal, e.g. one in the state
(|1〉 + |2〉)/

√
2 and the other in the state (|1〉 − |2〉)/

√
2, the visibility of

the clock self-interference drops to zero (Fig. 3.2c). In Fig. 3.3 we study this
effect quantitatively by measuring the dependence of the interference pat-
tern visibility on the differential rotation angle between the two clock wave
packets, by varying the duration of the magnetic gradient, and show that the
visibility oscillates as a function of the ‘synthetic’ redshift. This is indeed
the behavior as predicted in the proposal paper. As an additional test of
the clock interferometer, we modulate the clock preparation by changing TR
- the duration of the clock initialization pulse (which influences the relative
populations of the two states composing the clock, as seen in Fig. 3.4b). This
changes the state of the system from a no-clock state to a full-clock state, in a
continuous manner. Fig. 3.4 shows the visibility of the resulting interference
pattern, as a function of TR. The results show that the visibility behaves as
expected in each case, further validating that it is the clock reading which is
responsible for the observed oscillations in visibility.

To conclude, our experiment is a proof-of-principle of the clock interfer-
ometer, which is a tool to probe the interplay between quantum mechanics
and general relativity. It should be mentioned that some groups are already
working on interferometry using optical clock states (e.g. [74]).

1A complete table showing various type of clocks and their required space-time area is
given in [69] (Table 2).
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a b c d

Figure 3.2: Clock interference. (a) A single experimental shot of a clock
interfering with itself (z axis values are relative to the chip surface). At
TG = 0 the clock rate is approximately the same in the two wave packets and
interference is visible. As can be seen from Fig. 3.3, a constant differential
rotation of the clocks, φ0, exists even for TG = 0 (because of a residual
magnetic gradient in our chamber, see Sec. 3.6). This somewhat reduces the
visibility. (b) To prove the coherence of the clock spatial splitting, an average
of 100 consecutive shots such as that in a is presented, with only a 2% drop
in visibility (Sec. 3.3). (c) A single shot in which the differential rotation
angle φ0 + ∆ωTG equals π. (d) Similar to b, but where indistinguishability
is restored by φ0 + ∆ωTG = 2π. The vertical position as well as the vertical
extent of the clouds is explained in Sec. 3.3. All data samples are from
consecutive measurements without any post-selection or post-correction.

3.2 Methods

Our experimental procedure is as follows. We begin by preparing a BEC
of about 104 87Rb atoms in the state |F,mF 〉 = |2, 2〉 in a magnetic trap
located 90 µm below the chip surface. The trap is created by a copper
structure located behind the chip (see Fig. 2.2). The BEC atoms are released
from the trap, and 0.9 ms later a Stern-Gerlach beam splitter (SGBS) [33]
is applied to create a coherent spatial superposition of the BEC. The SGBS
consists of one radio-frequency (RF) π/2 pulse (of 10 µs duration), a magnetic
gradient pulse (4 µs), and another RF pulse (10 µs). These pulses create a
superposition of |2〉 ≡ |2, 2〉 wave packets having different momenta. After
the SGBS, we apply a second magnetic gradient of 90 µs duration to zero the
relative velocity of the wave packets. Clocks are initialized 1.5 ms after trap
release by a third RF pulse of duration TR, which creates a superposition
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Figure 3.3: Varying the orthogonality of the two clock wave packets. To
study the properties of clock time as a “which path” witness, we measure
visibility while continuously varying the relative rotation of the two clock
wave packets (blue). Each data point is an average of the single-shot visibility
obtained in several experimental cycles, and the error bars are the standard
deviation of each sub-sample. A fit returns an oscillation constant of ∆ω =
0.166 ± 0.003 rad/µsec, consistent with an independent estimate (Sec. 3.4).
As inferred from the single-internal-state “no clock” interferometer (red line)
the oscillations are due to the existence of a clock.

of the |2〉 and |1〉 ≡ |2, 1〉 states in each of the wave packets; then a phase-
imprint magnetic gradient pulse of duration TG is applied in order to change
the relative “tick” rate of the two clock wave packets. We note that the
differential forces induced by the gradient are not strong enough to break
the clock apart. (See Sect. 3.7.)

The entire sequence described above is done under a strong homogeneous
magnetic bias field of 36.7 G in the y direction, which creates an effective two-
level system via the non-linear Zeeman effect (E21 ≈ h×25 MHz, E21−E10 ≈
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a

b

Figure 3.4: Varying the preparation of the clock. To further prove that it is
the clock reading that is responsible for the observed oscillations in visibility,
here we modulate the very formation of the clock by varying TR, so that the
system preparation alternates between a proper clock and no clock at all. (a)
When the imprinted relative rotation between the two clock wave packets is
π, whether a proper clock is formed or not has a dramatic effect (blue). By
contrast, when the relative rotation is 2π, whether a proper clock is formed or
not has no effect (red). The error bars are the standard deviation of several
data points. (b) The oscillation period appearing in a is as expected from
an independent measurement of the Rabi oscillations induced by TR when
the rest of the RF sequence has been eliminated (Sec. 3.5).

h×180 kHz) [see Sec. 2.2.7]. This field is adiabatically turned off 3.5 ms after
the clock initialization (5 ms after the trap release), leaving earth’s magnetic
field to preserve the two-level system continuously. After an additional 3 ms
time of flight (TOF) - thus 8 ms after the trap release - we image the atoms
by absorption imaging and generate the pictures shown in Fig. 3.2.

All three magnetic gradient pulses are generated by three parallel gold
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wires located on the chip surface (Figs. 2.2, 2.3), which are 10 mm long, 40
µm wide and 2 µm thick. The wires’ centers are separated by 100 µm, and
the same current runs through them in alternating directions, creating a 2D
quadrupole field at z = 100 µm below the atom chip. The SGBS phase noise
is largely proportional to the magnitude of the magnetic field created during
the gradient pulse [33]. As the main source of magnetic instability is in
the gradient pulse originating from the chip, positioning the atoms near the
middle (zero) of the quadrupole field created solely by the three chip wires
100 µm below the chip surface reduces the phase noise during the SGBS
operation. The chip wire current was driven using a simple 12.5 V battery,
and was modulated using a home-made current shutter, with ON/OFF times
as short as 1 µs. The total resistance of the three chip wires is 13.6 Ω, yielding
a current of 11.3/13.6 A ≈ 0.83 A (a small voltage drop exists in the circuit
itself).

The RF signal is generated by an Agilent 33250A waveform generator
and subsequently amplified by a Minicircuit ZHL-3A amplifier. We generate
RF pulses using a Minicircuit ZYSWA-2-50DR RF switch. RF radiation is
transmitted through two of the copper wires located behind the chip (with
their leads showing in Fig. 2.2).

3.3 Coherence and visibility: further analysis

Fig. 3.2b shows a visibility of [44 ± 1]% (error from fit). The mean visibility
of 100 single shots is [46 ± 4]% (error from standard deviation). The reduc-
tion of a mere absolute 2% or a relative 4% [=(46-44)/46] from Fig. 3.2a to
Fig. 3.2b demonstrates a notable phase stability of the spatial interferometer.

Figs. 3.5a-3.5b present the phase distributions of Figs. 3.2b and 3.2d, each
of 100 events. The probability that these phase distributions arise from a
random phase process is negligible, which confirms the coherence of the clock
interferometry.

Plausible sources determining the single-shot visibility mean of 51% when
φ0+∆ωTG = 2π include imperfect overlap of the wave packets, non-pure BEC
(i.e. thermal background), and imperfect camera focus.

Fig. 3.6 shows an average of 65 consecutive single shots of clock interfer-
ence when the π relative rotation is applied, yielding very low visibility (≈
0.06). This minimal but non-zero visibility is due partly to our limited time
resolution in setting TG, timing jitter of the electronics, and instabilities in
the chip current. See also the discussion of clock breakup in Sect. 3.7.

Finally, we explain the vertical position and vertical extent of the clouds
appearing in Figs. 3.2a-3.2d. Let us first note that, due to uncertainties
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Figure 3.5: Histograms of 100 shots used to generate the averaged pictures in
Fig. 3.2. (a) Distribution of phases in Fig. 3.2b, with a relative clock rotation
of φ0 (TG = 0). (b) Distribution of phases in Fig. 3.2d, with a relative clock
rotation of φ0 +∆ωTG = 2π. The standard deviations of the distributions are
σ = 0.454 rad and σ = 0.314 rad for a and b, respectively. Both distributions
are significantly smaller than a random distribution of phases. Also shown
are respective polar plots of phase vs. visibility (shown as angle vs. radius).

in the initial trap position, the position of single-shot clouds may slightly
wander; consequently the vertical positions of single-shot images need not be
the same as that of the averaged image, as seen in Figs. 3.2a-3.2b. For the
same reason, the extent of the cloud in the averaged image is larger. This
was explained in Ref. [33]. Furthermore, the vertical position of the averaged
clouds in Fig. 3.2b and Fig. 3.2d is not the same, and this is a result of the
fact that Fig. 3.2d has in its sequence an additional magnetic gradient of 30
µs (Fig. 3.3).

3.4 Fit and interpretation of Fig. 3.3

The red data in Fig. 3.3 show a decay of the single-internal-state interference
visibility as a function of TG. We interpret this decay as the signature of non-
perfect overlap of the two wave packets in space. Non-perfect wave-packet
overlap can occur if the atoms are not located directly below the center of
the three-wire structure, because of initial fluctuations in trapping position.
When the magnetic gradients are applied, they cause the atoms to acquire
some differential momentum along other axes in space beside the z (gravity)
direction, inducing some mismatch in the final x and y positions and thus
reducing the interference visibility. Clearly this effect increases with TG. In
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Figure 3.6: An average of 65 consecutive single shots, in which the phase
difference between the clocks is φ0+∆ωTG = π as in Fig. 3.2c, yielding almost
zero visibility. The minimal visibility (≈ 0.06) that persists is consistent
with the result of Fig. 3.3, in which a π relative rotation yields a visibility of
0.09. Possible causes are the limited resolution (2 µs) in setting the time TG,
temporal jitter in the electronics that produces TG, instabilities in the chip
current, and a slight clock breakup due to the magnetic gradient.

addition, the contrast of the clock visibility oscillations seen in Fig. 3.3 (blue
data) is expected to decay due to the spatial separation of the |2〉 and |1〉
states within each of the two clock wave packets. This gradual breakup of
the clock is due to the different force being applied during the magnetic
gradient pulse on each of the states within the clock. It eventually results
in an increase of the minimal visibility as orthogonality does not affect two
non-overlapping single-state interferometers.

In order to understand the interference of the clock on the background of
the overall decay of visibility with TG, we first fit the single-internal-state in-
terference data (red points in Fig. 3.3) to the expression a ·e−TG/τ1 , where a is
the amplitude and τ1 is the corresponding decay rate. We then use these val-
ues of a and τ1 in fitting the clock interference data (blue points in Fig. 3.3) to

the expression V (TG) = ae−TG/τ1
√

1− sin2[(φ0 + ∆ωTG)/2]/ cosh2(α0 + TG/τ2)

(see Sect. 3.7), where α0, the initial decay of the contrast (of the clock’s vis-
ibility oscillations), and τ2, the decay rate of the same contrast, are both
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related to the above-mentioned gradual breakup of the clock [the first re-
lated to a residual gradient in our system (see Fig. 3.7) and the second to
the induced magnetic gradient pulse, of duration TG]; ∆ω is the relative
clock “tick” rate; and φ0 is the relative rotation between the two clock wave
packets, again caused by the residual magnetic gradient in our system.

An independent estimate of ∆ω comes from calculating the expected
magnetic field differences between the two wave packet positions during the
magnetic gradient. From the Biot-Savart law, we obtain B(z+ δz)−B(z) =
0.0387 G. Here ∆ω is 0.17 ± 0.01 rad/µs, where the uncertainty in ∆ω is
based on a position uncertainty of about 2 µm. This estimate is consistent
with the fit result from Fig. 3.3 of ∆ω = 0.166± 0.003 rad/µs.

Finally, let us note that the maximal visibility is slightly different from
that in Fig. 3.2d as the data here are from a different run.

3.5 Different clock preparations in Fig. 3.4

While in Fig. 3.3 the time interval between the clock-initiating RF pulse (TR)
and the magnetic gradient (TG) is minimal (8 µs), in Fig. 3.4 the gradient
was delayed by 100 µs in order to allow TR to reach 100 µs and enable us
to investigate different clock preparations. Longer times make the atoms fall
further away from the chip and the effect of the magnetic gradient produced
by the chip diminishes. Consequently TG was increased to produce the re-
quired phase shifts. There is no significant decay observed in Fig. 3.4a as
the RF pulse only changes the population ratio between |2〉 and |1〉, with no
detrimental effects as a function of TR, as can be seen in Fig. 3.4b.

In order to measure Fig. 3.4b in the same position of the atoms as in
Fig. 3.4a, we cancel the RF pulses which are part of the SGBS and set TG = 0,
while maintaining the magnetic-gradient pulses (SGBS and stopping pulse).
We then apply the clock-initiating RF pulse of duration TR, and perform a
Stern-Gerlach measurement of the relative population between |2〉 and |1〉.
The Stern-Gerlach effect is created using a current pulse on the copper wires
located behind the chip (Fig. 2.2).

3.6 Effect of bias field inhomogeneity on the

visibility

As noted, our bias field is in the y direction. Inhomogeneities of this field in
the z direction, along which the two clock wave packets are separated, are
expected to influence the relative “tick” rate as well as the clock breakup. In
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Figure 3.7: Effect of inhomogeneities in the magnetic bias field on the visibil-
ity of clock self-interference. We vary the duration of the clock’s stay in the
bias field. The TOF is extended to 18 ms in order to achieve longer times in
the bias field. The decrease and subsequent increase in visibility confirm that
small inhomogeneities in the bias field induce the initial (TG = 0) reduction
in visibility seen in Fig. 3.3, and are the cause of the initial relative phase φ0

of the clock wave packets. As the clock wave packets are separated vertically
(in the z direction), the effect is due to a residual gradient in the z direction.

order to calculate their effect on the visibility of clock self-interference, we
varied the duration of the bias field during the clock’s time of flight (TOF)
and measured the resulting visibility. We extended the TOF by 10 ms (total
TOF = 18 ms) in order to achieve longer clock times in the bias field. Fig. 3.7
shows that the visibility of clock self-interference depends on how long the
clock is in the bias field. The effect is analogous to the oscillations seen
in Fig. 3.3 (as a function of TG), but here ∆ω is much smaller since the
inhomogeneity of the bias field is small. Hence, the small inhomogeneities in
the bias field may be parameterized by α0 (Sect. 3.4) as causing an initial
decay of the contrast in the visibility oscillations of the clock’s interference
pattern (due to clock breakup). These inhomogeneities also give rise to φ0

as they shift the differential clock “tick” rate between the two clock wave
packets.
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3.7 Model for the interference of the two clock

wave packets

To calculate the interference between two separated clock wave packets, we
can model the wave packets as Gaussian wave functions. We begin with

e−α(z−d/2)2 |2〉+ e−α(z+d/2)2|2〉 (3.1)

as the state just after SGBS [33] and the stopping procedure; the state (cor-
responding to the first stage in Fig. 3.1) is a superposition of two Gaussian
wave packets with zero relative momentum separated by a distance d; here
we neglect overall normalization. Before the clock initialization, both wave
packets are in the internal state |2〉. The parameter α is a complex number,
and its real part <[α] = 1/2σ2 contains the width σ of the Gaussian func-
tion. Its imaginary part is the coefficient of the quadratic phase due to the
evolution of the wave packets during the preparation stage, especially the
evolution due to harmonic components of the magnetic potentials during the
SGBS gradient pulse and the stopping pulse. During free evolution, if t0 > 0
this quadratic phase creates focusing and then divergence of the wave packet;
or if t0 < 0, it creates divergence of the wave packet such that its consequent
evolution is similar to the evolution of a minimal wave packet from t0 < 0.
During free evolution of the wave packets, the parameter α evolves as

α(t) =
1

2
[σ2

0 + i~(t− t0)/m]−1, (3.2)

where σ0 is the wave packet’s minimal width at time t = t0. The actual width
σ at time t = 0 is related to these parameters by σ = σ0

√
1 + (~t0/mσ2

0)2.
Thus, at the end of the “relative clock rotation” stage, which involves a

magnetic field gradient ∂B/∂z, the state is

[
e−α(z−d/2)2 + e−α(z+d/2)2

] (
eikz|1〉+ e2ikz|2〉

)
, (3.3)

where k = (µB/2~)∂B/∂z, µB is the Bohr magneton, and eikz|1〉+ e2ikz|2〉 is
the clock state. Note that the gradient pulse has two effects. First, it imprints
different phases eikd/2 and e−ikd/2 on the two clocks centered at z = d/2 and
−d/2, respectively. This relative phase is responsible for the “which path”
information that is carried by the clock. Second, it applies a differential
momentum kick ~k and 2~k to the two states |1〉 and |2〉 that make up each
clock state, leading to a partial breakup of the clock after propagation. In
what follows we examine quantitatively the effect of these two aspects of the
gradient pulse on the formation of the interference pattern.
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Equation (3.3) can be expressed as a sum of four terms that are equivalent
up to exchanges d ↔ −d, |1〉 ↔ |2〉 and/or k ↔ 2k. The time evolution of
each of the terms obeys the Schrödinger equation and the solution is well
known:

e−α(z±d/2)2+ikz → e−i~k
2t/2me−(z±d/2−~kt/m)2/[2(σ2

0+i~(t−t0)/m)]+ik(z−~kt/m). (3.4)

To exhibit the character of the interference pattern, it is sufficient that we
consider the case ~(t − t0)/m � σ2

0 (the far-field limit), in which the inter-
ference pattern is fully developed. By detecting the atoms with an imag-
ing light that does not distinguish between the two eigenstates |1〉 and
|2〉, one observes a sum of two fringe patterns with detection probability
P (z) = |〈1|ψ〉|2 + |〈2|ψ〉|2, where |ψ〉 denotes the overall state. In a frame of
reference moving with the center-of-mass momentum 3~k/2, it has the form

P (z) ∝ exp

(
−(z + ∆zt/2)2

σ2
t

)
cos2

[
1

2

(
2πz

λt
+
φt
2

)]

+ exp

(
−(z −∆zt/2)2

σ2
t

)
cos2

[
1

2

(
2πz

λt
− φt

2

)]
, (3.5)

where the two patterns have a periodicity λt = 2π~(t − t0)/md and an en-
velope width σt = σ0

√
1 + (~(t− t0)/mσ2

0)2. The two fringe patterns, one
of state |1〉 and the other of state |2〉, are shifted relative to one another
by a phase φt = kdt/(t− t0) and their envelopes are shifted with respect to
each other by ∆zt = ~kt/m = λtφt/2π. The shifts in phase and in space are
one and the same and are both caused by the differential momentum kick
applied at the clock rotation stage. If the spatial shift ∆zt is much smaller
than the Gaussian width σt, then the visibility of the joint fringe pattern
depends on the relative phase of the two fringe patterns in Eq. (3.5). If the
relative phase φt is zero or an even multiple of π, then the two interference
patterns overlap and the visibility is 1. If φt is an odd multiple of π then the
two fringe patterns are completely out of phase and the joint visibility drops
to zero. In the case where ∆zt becomes considerable relative to the Gaussian
width σt, each clock wave packet is gradually broken into its constituents,
eventually forming separate wave packets for the states |1〉 and |2〉. In this
case the cancelation of the two fringe patterns when φt = π is not effective
any more and the visibility does not drop to zero.

In order to examine the visibility more closely, we write Eq. (3.5) in a
different form (omitting a constant pre-factor)

P (z) ∝ e−z
2/σ2

t
{

cosh(z∆zt/σ
2
t ) [1 + cos(φt/2) cos(2πz/λt)]

+ sinh(z∆zt/σ
2
t ) sin(φt/2) sin(2πz/λt)

}
. (3.6)
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This form can be further simplified to the form

P (z) ∝ e−z
2/σ2

t cosh(z∆zt/σ
2
t ) [1 + V (t, z) cos[2πz/λt − ϕ(t, z)] , (3.7)

where

V (t, z) =

√
1− sin2(φt/2)/ cosh2(z∆zt/σ2

t ) (3.8)

and
ϕ = atan[tanh(z∆zt/σ

2
t ) tan(φt/2)]. (3.9)

If the breakup effect is small, namely ∆zt � σt, then cosh(z∆zt/σ
2
t ) ∼ 1

and the visibility V becomes V ≈ | cos(φt/2)|, which is the scalar product of
the two clock states (|1〉 + e±iφt/2|2〉)/

√
2. In this case the phase ϕ is also

negligible. The clock breakup effect makes the visibility increase, such that
even when the clock states are completely orthogonal (i.e. distinguishable,
when φt is an odd multiple of π) the visibility drops to V ≈ tanh(∆zt/σt).
In the intermediate range where the clock breakup effect is significant but
does not completely break the eigenstates apart, the phase ϕ(t, z) causes a
φt-dependent change of the periodicity of the fringes.

The effect of clock breakup follows from the fact that a constant gradient
was applied in order to simulate the time lag between the two clock wave
packets. In this case a momentum kick to each wave packet is inevitable,
even if the two wave packets are well separated at the time when this clock
rotation is applied. In principle, the clock breakup effect could be avoided if
the time lag could be formed by fields (magnetic or light) which have different
amplitudes at the position of the two clock wave packets but are constant
across each of the wave packets.

3.8 The clock interpretation

We have interpreted our data in terms of a self-interfering clock. Nevertheless
it is instructive to discuss an alternate interpretation that does not refer
to clocks at all. For the purpose of this discussion, we can simplify the
interfering clock wave packets and write them as ψ+(z) and ψ−(z), where

ψ+(z) = ψ(z)eiπz/λ
[
|1〉+ eiφ/2 |2〉

]
/2

ψ−(z) = ψ(z)e−iπz/λ
[
|1〉+ e−iφ/2 |2〉

]
/2, (3.10)

and ψ(z) is a (one-dimensional) localized, normalized wave function. Then
ψ+(z) and ψ−(z) represent counter-propagating and fully overlapping clock
wave packets with a relative rotation angle φ, and their sum corresponds
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to the interference of the two clock wave packets. The visibility V of the
interference pattern depends on the relative clock angle φ:

|ψ+(z) + ψ−(z)|2 ≡ [ψ+(z) + ψ−(z)]† [ψ+(z) + ψ−(z)]

= |ψ(z)|2
[
1 +

1

4
e2πiz/λ(1 + eiφ) +

1

4
e−2πiz/λ(1 + e−iφ)

]
, (3.11)

so V = 1 for φ = 2nπ; for φ = (2n+ 1)π the clock states are orthogonal and
the interference pattern is

|ψ+(z) + ψ−(z)|2 = |ψ(z)|2, (3.12)

with zero visibility. In general, V = | cos(φ/2)| and, as we have seen, V = 0
only when the clock wave packets are orthogonal. This calculation makes
explicit the trade-off between the visibility of the interference and the “which
path” information or “distinguishability”D arising from the clock, formalized
[75–78] as D2 + V 2 ≤ 1.

However, we can rewrite |ψ+(z) + ψ−(z)|2 by collecting terms in |1〉 and
|2〉. We have

ψ+(z) + ψ−(z) = ψ(z) [|1〉 cos(πz/λ) + |2〉 cos(πz/λ+ φ/2)] , (3.13)

hence

|ψ+(z) + ψ−(z)|2 = |ψ(z)|2
[
cos2(πz/λ) + cos2(πz/λ+ φ/2)

]
, (3.14)

which represents two superimposed interference patterns, one from the |1〉
state and one from the |2〉 state, with a relative phase that yields perfect
visibility when φ = 0 (up to a multiple of 2π) and zero visibility when
φ = π (up to a multiple of 2π), in agreement with Eq. 3.11, yet without any
reference to a clock.

While this calculation is mathematically valid, it hides the physics of our
experiment, in two ways. First, nothing in this calculation refers to a clock.
There are innumerable physical realizations of a clock, and innumerable clock
characteristics, such as accuracy and mass. The clock in our experiment is the
simplest possible—a superposition of two orthogonal states. A superposition
of N > 2 orthogonal states could be a much more accurate clock, and an
external (rather than internal) variable could also serve to measure time [79].
For any possible clock there would be a mathematical analysis analogous to
the one above; for example, corresponding to a superposition of N orthogonal
states would be N interference patterns that could add constructively to yield
perfect visibility or destructively to produce a flat probability distribution.
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What all these analyses would miss is the fact that the system analyzed is a
clock (and therefore must measure proper time).

Second, this analysis fails to connect the loss of visibility to “which path”
information. In Eq. (3.14) there is zero visibility when φ = π, but it arises as
the sum of two interference patterns, each with full visibility; since neither
interference pattern is consistent with “which path” information, how could
we have guessed that their sum is consistent with “which path” information?

To conclude, among mathematical descriptions, the description via self-
interfering clocks provides the best physical understanding of our experiment.
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Chapter 4

Coherence in the Stern-Gerlach
interferometer

In this chapter I briefly present the background, and summarize the main
results, of the arXiv paper “Realization of a complete Stern-Gerlach inter-
ferometer” (arXiv:1801.02708). The complete paper, in its arXiv version,
appears in Appendix C. The rest of the chapter describes additional exper-
imental details and theoretical analyses regarding the paper (based on the
supplementary material of the paper).

4.1 Introduction

The Stern-Gerlach experiment [51] is one of the basic experiments in quan-
tum mechanics, and is discussed in many text books. The effect of different
spin projections splitting in space after passing through an inhomogeneous
magnetic field has also been considered as a candidate for building a spatial
atom interferometer [53, 80]. The device envisioned is composed of perma-
nent magnets generating four regions of magnetic gradients giving rise to the
operations of splitting, stopping, accelerating back and lastly stopping the
two wave packets. At the output, an arbitrary initial spin state should be
recovered. However, the operation of such an interferometer was considered
to be technically impractical, since coherent recombination of the two beams
requires precise control of the magnetic fields [54].

Several theoretical works have elaborated on the subject [55–57], and
named it the Humpty-Dumpty (HD) effect, implying that the initial wave
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packet breaks under the SG field, and cannot be reunited1. In order to recover
the initial spin state, the experimenter needs to control the magnetic fields
with very high precision. Quantitatively, the spin coherence C is expressed
in the equation:

C = exp

[
−1

2

(
σp∆z

~

)2

− 1

2

(
σz∆pz

~

)2
]

= exp

[
−1

8

(
∆z

σz

)2

− 1

8

(
∆pz
σp

)2
]
,

(4.1)

where ∆z and ∆pz are the final mismatch between the wave packets in po-
sition and in momentum, respectively, and σz and σp are the initial wave
packet widths in position and momentum, respectively. Between the first
and second lines we used the uncertainty relation σzσp = ~/2, assuming a
minimal-uncertainty wave packet2. This equation summarizes the main re-
sult of the HD papers. (Note a factor 2 in our definitions of ∆z and ∆pz
relative to the original definitions.)

Let us discuss the meaning of this equation. The quantities σz and σp
characterize the initial atomic wave function, and are thus microscopic quan-
tities. The quantities ∆z and ∆pz describe the imprecision in the final recom-
bination, i.e. how far from zero are the differential momentum and position
of the two wave packets, at the end of the interferometer. In a “good SG
experiment” (i.e. one which allows unmistakable splitting) [56] the maximum
values of splitting in position and momentum should be much larger than
their initial widths (σz and σp, respectively), meaning they should be macro-
scopic. This implies that also the final splittings ∆z and ∆pz are macroscopic
quantities. According to Eq. 4.1, a nearly perfect maintenance of spin coher-
ence (C ' 1) requires that ∆z � σz and ∆pz � σp. So Eq. 4.1 tells us
that we need to recombine macroscopic quantities on a microscopic level of
precision. This points out the difficulty of the SG interferometer experiment.

Although the topic of the HD effect is precision, when considering a prac-
tical experiment trying to address this effect one also has to consider the
instabilities of the experimental system, as such instabilities also affect the
coherence of the output state. In the context of Eq. 4.1, instabilities mean
that ∆z and ∆pz fluctuate from one experimental realization to the next.

1As in the nursery rhyme: “Humpty Dumpty sat on a wall, Humpty Dumpty had a
great fall. All the king’s horses and all the king’s men, Couldn’t put Humpty together
again.”

2It should noted that also the first line of Eq. 4.1 is correct only for a minimal un-
certainty wave packet. We do not know of any theoretical calculation for a non-minimal
uncertainty wave packet. See [53], page 247, for a relevant discussion on the general case.
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Figure 4.1: Interference patterns of a Stern-Gerlach interferometer (SGI).
(a) Half-loop interferometer (see Fig. 4.2 for definition): A single-shot inter-
ference pattern of a thermal cloud (BEC fraction of ∼0%), with a visibility
of 0.65 (only slightly lower than the single-shot visibility of a BEC). These
fringes observed with a thermal cloud show that our SGI is robust to initial
state uncertainties and does not rely on the inherent coherence of a BEC. (b)
A multi-shot image made of a sum (average) of 40 consecutive interference
images of a half-loop SGI with a BEC (no correction or post-selection; see
Fig. 4.18 for a polar plot of the phases of all single-shots). The normalized
visibility is approximately 99% (see Sec. 4.3 for a definition of the normalized
visibility). This high stability allows testing the precision of the magnet. (c)
Full-loop interferometer: a high-visibility interference pattern of spin popu-
lation showing precision. The normalized visibility is 95%. See Figs. 4.3, 4.4
and tables 4.1, 4.2 for the experimental parameters of the 3 plots.

Even if the experimenter can adjust their mean values to be close to zero
with high precision, the fluctuations would cause decoherence.

In this chapter we describe how we improved our experimental system
and optimized the half-loop interferometer to obtain high stability, compared
to the previous realization of the experiment [33]. The obtained stability
is demonstrated in Figs. 4.1a,b, and the experimental half-loop scheme is
shown in Fig. 4.2a. In Fig. 4.3 we show the normalized multi-shot visibility,
as a function of the splitting pulse duration T1. The normalized multi-shot
visibility is used to quantify the half-loop stability in phase and interference
wavelength (see Sec. 4.3 for its definition). The optimization procedure is
discussed in detail in the rest of this chapter (see sections 4.2-4.4).

Since we achieved a high stability SGI, we had thoughts of taking these
results and comparing them to the HD theory. But while working on the
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Figure 4.2: The longitudinal SGI (z position vs. time). (a) The half-loop
interferometer. Here the signal is made of spatial interference fringes. For
interference to occur the two wave packets are made to have the same spin
with a π/2 pulse and a selection of two of the four emerging wave packets.
This configuration does not require high precision and it is mainly sensitive
to instabilities. Note that as the two wave packets have the same spin, a
long stopping pulse giving rise to an harmonic potential is required. This
also creates a tight focus for the wave packets (see Sec. 4.7). (b) The full-
loop interferometer. Here the signal is made of spin population fringes. This
configuration requires high precision in order to maintain coherence, as in
contrast to (a) it uses active recombination. Here the stopping pulse [again
in contrast to (a)] may be short as the magnetic gradient is very effective in
stopping the relative motion of two different spins. Both figures are plotted
in the center-of-mass frame.
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Figure 4.3: Analysis of stability (half-loop): spatial visibility (multi-shot) vs.
splitting pulse duration T1. Data show the normalized multi-shot visibility
of sequences that minimize phase fluctuations demonstrating the achieved
stability (high visibility), and similar sequences where current fluctuations
were artificially injected into the splitting pulse (low visibility). The red data
point represents the maximal achievable wave packet separation of 4µm, lim-
ited by our imaging system which cannot resolve a fringe pattern periodicity
below 10µm without bias. The sequences are detailed in 4.2. The raw data
for the first data point (4µs) are shown in Fig. 4.1b. Error bars include fitting
errors for each multi-shot pattern, standard deviation (SEM) of single-shot
visibility, and uncertainty due to the finite sample size (Eq. 4.61), and do not
account for long-term drifts. Theoretical models are detailed in Sec. 4.6.

half-loop, it became apparent to us that this interferometer could not be
compared directly the HD theory, as it is quite insensitive to imprecision
in the experimental parameters. This insensitivity can be explained by the
fact that at the last stage of the interferometer (time-of-flight stage), the
wave packets expand and achieve high spatial overlap regardless of the exact
experimental parameters used. For example, if the stopping pulse did not
perfectly stop the relative motion of the wave packets (i.e. the arms at the
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end of Fig. 4.2a had some angle between them), they would still achieve high
spatial overlap at the far field, generating high single-shot visibility interfer-
ence patterns. It turns out that the multi-shot visibility is also insensitive to
the precision, as can be seen in Fig. 4.16.

In order to directly relate to the HD theory, we thus went the extra
step and implemented a complete full-loop SG interferometer, relying on our
achieved stability. The experimental scheme of the full loop is presented in
Fig. 4.2b, and discussed extensively in the rest of this chapter. We measured
a full-loop SGI coherence of 95% with a spin interference signal (Fig. 4.1b),
proving that we were able to use the SG effect to build a full-loop inter-
ferometer, as originally envisioned. We note three differences between our
realization and the scheme considered in the HD papers: 1. We use a BEC,
which is a minimum uncertainty wave packet, where the HD papers con-
sidered atomic beam experiments with large uncertainties on the order of
σzσp ' 103; 2. We implement fast magnetic gradient pulses generated by
running current on the atom chip, in contrast to using constant gradients
from permanent magnets, considered in the original proposals; 3. Our inter-
ferometer is a 1D longitudinal interferometer, while the originally envisioned
SGI was 2D, i.e. it enclosed an area.

Figure 4.4 shows the spin population visibility vs. the maximal separa-
tions, which sets the limits of our ability to split and reunite the wave packets.
Each data point has been independently optimized as described in Fig. 4.5.
Figure 4.4 also shows our theoretical prediction for the contrast according
to our numerical wave packet propagation model, which is based on the es-
timation of the overlap integral, similarly to the HD model (see Sec. 4.6.3
for details). While such simulations accurately described our previous inter-
ferometry results (e.g. [33, 34, 81]), and while they accurately describe the
half-loop (Fig. 4.3), the coherence drop observed in the full-loop experiment is
not well described by our theory. We made a significant effort to understand
this discrepancy, as described in rest of the chapter (see Table 4.3 for a list of
possible sources of coherence loss in the full-loop scheme). Noting that our
chip current precision is 0.1%, we expect the drop to be much weaker. We
have reason to suspect that the coherence length of our BEC (in real space
and in momentum space) is smaller than expected for a BEC, implying that
our initial state is a non-minimal uncertainty state. Attempts to solve the
discrepancy between theory and experiment are still ongoing.

We claim that our results qualitatively show the HD effect for the first
time, since our contrast was limited by imprecision as the separation in-
creased in position and in momentum, as shown in Fig. 4.4. This limitation
is the topic of the HD effect. However, we could not test the HD quantita-
tively with the full-loop results for several reasons:
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Figure 4.4: Analysis of precision (full-loop). (a) Spin population visibility
vs. maximal separation ∆z (in absolute units and in units of the BEC initial
width). Concerning the farthest data point: although out of the trend of the
data we believe it is a valid point, see Fig. 4.21. Theory is due to the wave
packet propagation model (dashed lines are a guide for the eye, see Sec. 4.6).
(b) Visibility vs. splitting momentum ∆pz (in absolute units and in units
of the BEC momentum spread). More data points are shown in Fig. 4.22.
We use σz,BEC ' 1.2µm (half the Thomas-Fermi width; see Sec. 4.3.3), and
σv,BEC = ~/2mσz ' 0.3 mm/s (assuming a minimal uncertainty wave packet,
and where m is the atomic mass). The raw data for the first green data point
(highest visibility) is shown in Fig. 4.1c. Some of the points of the green data
set (lower panels) presented in (a) have been omitted from (b), since they
add no significant new behavior (e.g. some points have the same momentum
splitting, and thus represent a vertical line in the momentum graph).

• The HD theory is simplified - it does not include configurations in which
the final state is not the same as the initial state. In contrast to that,
in the lab these states are usually different, because of the effect of
expansion and repulsion of the wave packets. Expansion is neglected in
the HD theory, and atom-atom repulsion is not considered. Our theory
takes both effects into account.

• We do not have a reliable method to measure the HD parameters ∆z
and ∆pz, i.e. the relative separation in space and momentum of the
wave packets (phase chirp might also be important).

• No full theoretical results were ever obtained for the HD loss of contrast
for a non-minimal uncertainty state (nor does our analysis includes
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Figure 4.5: Full-loop optimization procedure: population output as a func-
tion of the reverse pulse duration T2 + T3, for T1 = T4 = 6µs, Td1 = 300µs.
The population oscillates around the optimal point as expected by a simpli-
fied model of a Gaussian times a sine. The peak of the Gaussian envelope
corresponds to the time at which the wave packets’ overlap integral at the
end of the interferometer is maximized. The width of the envelope is related
to the overlap integral, and the sine function corresponds to the added phase
between the two interferometer arms, per unit time of reversing pulse.

such a result). Such results might be relevant for our experiment, as
mentioned above.

It is also important to mention previous work on SG interferometry by a
French group, which has realized a series of elaborate SGI experiments over
a period of 15 years [4, 82–91]. However, they were not able to implement
a full loop, as only splitting and stopping operations were realized (i.e., no
recombination). To the best of our understanding, they also did not observe
any spatial fringes. A detailed comparison to our work is given in Sec. 4.12.

4.2 Experimental procedure

In the following we describe our two experiments: the half-loop and full-loop
Stern-Gerlach interferometers (Fig. 4.1). Both experiments start with the
same sequence: We begin by preparing a BEC of about 104 87Rb atoms in
the state |F,mF 〉 = |2, 2〉 in a magnetic trap located around 90µm below the
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atom chip surface (accurate numbers are given in the following). The har-
monic frequencies of the trap are ωx/2π ≈ 40Hz and ωy/2π ≈ ωz/2π ≈ 126Hz
where the BEC has a calculated edge-to-edge size of 1∼ 8µm along x and
∼ 6µm along y and z. The trap is created by a copper structure located be-
hind the chip with the help of additional homogeneous bias magnetic fields
in the x, y and z directions (see Fig. 2.2). The BEC is then released from
the trap, and falls a few µm under gravity (duration of 0.9 ms in the half-
loop case, and Td0 in the full-loop case, see details in the following). During
this time the magnetic fields used to generate the trap are turned off com-
pletely. Only a homogeneous magnetic bias field of 36.7 G in the y direction
is kept on to create an effective two-level system via the non-linear Zeeman
effect such that the energy splitting between our two levels |2, 2〉 ≡ |2〉 and
|2, 1〉 ≡ |1〉 is E21 ≈ h×25 MHz, and where the undesired transition is off-
resonance by E21−E10 ≈ h×180 kHz. As the BEC is expanding, interaction
becomes negligible, and the experiment may be described by single–atom
physics. Next, we apply a radio-frequency (RF) π/2 pulse (10µs duration)
to create an equal superposition of the two spin states, |1〉 and |2〉, and a
magnetic gradient pulse (splitting pulse) of duration T1 = 4 − 40µs which
creates a different magnetic potential Vmj(z) for the different spin states mj,
thus splitting the atomic spatial state into two wave packets with different
momentum.

4.2.1 Half-loop interferometer

Our experimental sequence for the half-loop interferometer is sketched in
Fig. 4.2. Just after the splitting pulse, another RF π/2 pulse (10µs dura-
tion) is applied creating a wave function made of four wave packets (similar
to the beam splitter described in [33]): |p±〉 ≡ 1√

2
(|p1,x0〉 ± |p2,x0〉), where

|p,x〉 represents a wave packet with momentum p and central position x
(x0 is the position of the atoms during the splitting pulse) and the plus and
minus signs correspond to the final spin states |1〉 and |2〉, respectively. In
this experiment we choose to work with the momentum superposition of the
wave packets having spin |2〉 [while disregarding the superposition of |1〉,
which after a second gradient and time–of–flight (TOF) is at a different final
position]. The time interval between the two RF pulses (in which there are
only two wave packets, each having a different spin) is reduced to a minimum
(∼ 40µs) to suppress the hindering effect of a noisy and uncontrolled mag-
netic environment so that the experiment does not require magnetic shielding
(see Sec. 4.4 for more details). The minimal time between the two RF pulses
is determined by a magnetic ’tail’ of the gradient pulse, which at shorter
times affects the resonance of the two-level system. After a magnetic gra-
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dient pulse of duration T2 designed to stop the relative motion of the two
wave packets, the atoms fall under gravity for a relatively long TOF, expand
and overlap creating a spatial interference pattern, and after 8-18 ms (in to-
tal since the trap release) we image the atoms by absorption imaging and
generate the pictures shown in Fig. 4.1a,b.

Finally, let us note that due to the long TOF expansion, the spatial over-
lap is ensured even when there is no spatial precision allowing an accurate
recombination of small wave packets. As spatial fringes may form even when
there is clear momentum separation between two wave packets, this experi-
ment is also not sensitive to the momentum precision of the stopping pulse.

4.2.2 Full-loop interferometer

Our experimental sequence for the full-loop interferometer is sketched in
Fig. 4.2b. This configuration is the same as originally envisioned for the
SG interferometer (SGI) [80]. This configuration is sensitive to the precision
with which the final wave packets overlap in space and momentum (i.e. the
visibility is a function of the overlap integral).

In contrast to the half-loop experiment, the second RF π/2 pulse de-
scribed above is applied only at the time of measurement (so that the two
wave packets have a different spin throughout the propagation), namely it
completes the interferometric sequence. This completes a Ramsey sequence.
Furthermore, our signal is not a spatial interference pattern but rather an
interference pattern formed by measuring the spin population (e.g. starting
with Sx = +1 and measuring Sx). In addition to the splitting and stopping
gradient pulses (T1 and T2), we also apply a gradient pulse for accelerating
the atoms back towards each other (T3) and then apply a final stopping pulse
(T4) so that the two wave packets overlap in momentum and position. These
four gradient pulses occur in between the two RF π/2 pulses.

In order to create a population interference pattern, the last RF π/2
pulse is shifted by a phase φ relative to the first RF π/2 pulse. This creates
population oscillations between the states (as a function of φ), which are
later measured by applying a strong magnetic gradient to separate the spin
states, and counting the number of atoms in each output state, generating
the pictures shown in Fig. 4.1c. The strong gradient is created by running a
current in the copper structure behind the chip for a few ms (see Fig. 2.2).
Note that we also add one or two RF π pulses in between the two π/2 pulses,
giving rise to an echo sequence which suppresses the dephasing taking place
due to magnetic noise and inhomogeneous magnetic fields in our chamber.
This allows us to increase the spin coherence time from ∼ 400 µs up to ∼ 4
ms (depending on the specific sequence used).
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Finally, it is worth noting that while all gradient pulses come from the
same chip wires, the magnetic pulses may be considered as an analogy of
the original thought experiment in which there were different spatial regions
with different permanent magnets. This is so as in each pulse the current
and duration may be different and have individual jitter, and in addition the
atom position and consequently the gradient are different.

4.2.3 Experimental setup

In both experiments the setup is the same: the magnetic gradient pulses are
generated by three parallel gold wires (along x) located on the chip surface
(Figs. 2.2, 2.3), which are 10 mm long, 40µm wide and 2µm thick. The
wires’ centers are separated by 100µm, and the same current runs through
them in alternating directions, creating a 2D quadrupole field (in the yz
plane) with its center at z = 98µm below the atom chip. The phase noise
is largely proportional to the magnitude of the magnetic field created during
the gradient pulse [33], whereas the fluctuations in the very stable current
in the external coils giving rise to the homogeneous bias field (along y) are
relatively small during the short time scale of each experimental cycle. As
the main source of magnetic instability is in the gradient pulse originating
from the chip currents, positioning the atoms near the middle (zero) of the
quadrupole field created solely by the three chip wires 98µm below the chip
surface reduces the phase noise (see Fig. 2.3). In the same figure we also
explain how the reverse current in the three chip wires gives rise to the
opposite gradient. This gradient is used in the second and third pulses of the
current inversion scheme, in which a negative acceleration between the two
wave packets is required in order to close the loop.

The chip wire current is driven using simple 12 V batteries connected in
series, and is modulated using a home-made current shutter. To obtain tim-
ing resolution of below 1µs, we trigger the shutter using an Agilent 33220A
waveform generator, allowing a programming resolution of a few ns. The
total resistance of the three chip wires is 13.51 Ω (when the chip temperature
has stabilized after a few hours of working). Shot-to-shot charge fluctuations
are measured to be δI/I = 3.59× 10−3. The RF signals (π/2 and π pulses)
are generated by an SRS SG384 RF signal generator which also shifts the
relative phase φ between the two π/2 pulses, creating the observed popula-
tion fringes. The RF signal is amplified by a Minicircuit ZHL-3A amplifier.
We modulate the RF power using a Minicircuit ZYSWA-2-50DR RF switch.
RF radiation is transmitted through two of the copper wires located behind
the chip (with their leads showing in Fig. 2.2).

Finally, we show in Fig. 4.6 our ability to control the initial trap position
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Figure 4.6: Initial magnetic trap position (experimental results), as a func-
tion of the current in the copper structure (Z shaped wire) under the chip.
We determined the y axis values using the following procedure: we loaded
atoms into a magnetic guide created by running DC current through the three
chip wires used to create the quadrupole. The position of this quadrupole is
determined by the chip geometry to be 98µm from the chip’s surface, and so
the position measured on the CCD of the atoms loaded into this guide was
fixed as a reference point. The y axis of the above figure was calibrated to
this reference point.

by varying the current in the copper structure (Z shaped wire) under the
chip. This determines the starting point of our experiments. We also show
in Fig. 4.7 the measurement of the relative momentum between wave packets
following a gradient pulse.

4.3 Data taking and data analysis

4.3.1 Half-loop interferometer

Here our signal is the multi-shot visibility of an interference pattern made of
the summing of many interference patterns one on top of the other with no
post-selection or alignment (each interference pattern is a result of one ex-
perimental cycle). This visibility is normalized to the mean of the single-shot
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Figure 4.7: Upper panel: typical data showing a measurement of momentum
splitting after an RF π/2 pulse and a chip magnetic gradient of T1 = 10 µs
duration. Each subplot shows the wave packets after a different TOF, in-
creasing from left to right. The increasing spatial splitting between the wave
packets can be seen. The center positions are extracted using a 1D Gaussian
fit. Lower panel: the extracted spatial splitting vs TOF, for different values
of T1. The velocity difference is given by the slope of each curve.

visibility. In Fig. 4.3 and all half-loop figures in this chapter the normalized
multi-shot visibility is defined as VN ≡ Vav/〈Vs〉, where Vav is the visibility
of the multi-shot pattern obtained by adding shots from many experimental
cycles (again, without any post-selection or post-correction), and 〈Vs〉 is the
mean visibility of the single shot patterns, composing the multi-shot pattern.
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The error bars are estimated by

∆VN = VN

√(
∆Va

Va

)2

+
1

N

(
∆Vs
〈Vs〉

)2

+
1

2N

(
1− V 2

N

VN

)2

, (4.2)

where ∆Va is the fit error of the visibility of the multi-shot image, ∆Vs is
the measured standard derivation of the single-shot visibility (N being the
sample size), and the third term under the square root estimates the expected
relative standard error of the normalized multi-shot visibility due to the finite
sample size (Eq. 4.61).

In Table 4.1 we present the parameters used for each data point in Fig. 4.3.
The free propagation time Td and the second pulse duration T2 were chosen
from a large experimental parameter space so as to optimize the normalized
multi-shot visibility by minimizing the effect of fluctuations in parameters
of the interferometric sequence such as the initial trapping position or the
stopping pulse duration, as detailed in section 4.4. While each data point in
Fig. 4.3 is a result of continuous data taking in long sessions ranging in dura-
tion from an hour to several hours with no post-selection or post-correction,
long term drifts of magnetic fields or voltages in the system (e.g. due to
warming up of the copper structure under the chip, the coils or the elec-
tronics) were addressed by stopping the data taking and re-optimizing the
interferometer. These drifts are not taken into account in the error bars
presented in Fig. 4.3. Nevertheless, significant low-visibility data were taken
during optimization sequences. The full data, taken over many months, are
shown in Fig. 4.8.

The visibility and phase information of each absorption image is extracted
by fitting a 1D cut of the image (along the z direction) to a sine function
with a Gaussian envelope, of the form:

n(z) = A exp

[
−(z − z0)2

2σ2

] [
1 + V sin

(
2π

λ
(z − zref) + φ

)]
+ c, (4.3)

where A is a the amplitude, z0 is the center-of-mass position of the density
envelope at the time of imaging, zref is a phase reference point (usually taken
to be middle of the image), σ is the final Gaussian width, λ is the fringe
periodicity, V is the interference fringes visibility, and φ is the global phase
difference.

To study the topic of fluctuations and stability via the multi-shot visi-
bility (Fig. 4.1b), we examine the randomizing effect in the SGI by varying
the magnitude of fluctuations in the magnetic gradient and the coupling
time to the atom. The multi-shot signal is sensitive to variations between
the experimental cycles in phase, momentum and the spatial separation d.
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Figure 4.8: showing also lower visibility runs which are a result of the
optimization process, or the interferometer drifting away from its optimal
point. The data was ordered according to diminishing visibility, and the x
axis thus does not represent any time ordering. The mean number of single
shots per point is 50.

The low-visibility data shown in Fig. 4.3 were taken by changing the chip
voltage driving the splitting pulse using a voltage stabilizer circuit, with cor-
responding variable values of chip current (the stopping pulse current was
kept constant). A different number of images were taken for each value of
the current. We then produce a multi-shot fringe pattern resulting from a
summation over many measurements with varying splitting pulse currents.
In order to properly emulate the spectrum of natural noise, the averaged
image was obtained by taking a weighted average such as to create a normal
distribution of phases. Since the phase is linear with the applied current (see
Fig. 4.9), such a distribution corresponds to a normal distribution of currents,
where its width was set to δI/I = 15.47 mA / 860 mA= 1.8%.

Varying the current giving rise to the first gradient pulse affects both the
phase and the periodicity of the fringes (see Eq. 4.19), causing two kinds of
chirping effects on the output multi-shot image. The first is a chirp of the
interference periodicity, i.e. the image is composed of multiple periodicities
(in contrast to a single-shot image or to a high visibility multi-shot image
which has only a single periodicity). The second kind is a spatial chirp of
the interference visibility, i.e. the visibility is position-dependent. Because
of these effects, we cannot extract the visibility of these multi-shot images
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T1 [µs] 4 6 8 10 12 14 16 10
Td [µs] 116 174 132 90 130 106 114 600
T2 [µs] 200 150 180 220 200 200 200 70
TOF 6760 6750 8760 12760 12738 13810 13800 21450

No. images 40 45 42 64 41 43 47 45
Scaling factor ξ 1.18 1.37 1.22 1.11 1.22 1.15 1.18 3.36

exp. d(µm) 0.55 0.98 1.14 1.31 1.66 1.92 2.25 3.93
calc. d(µm) 0.54 0.94 1.13 1.28 1.68 1.85 2.16 3.90
σmin(µm) 0.120 0.140 0.125 0.113 0.124 0.1174 0.12 0.34

Table 4.1: Parameters of the half-loop data points in Fig. 4.3: time durations
(in µs) of stages of the interferometer sequence and wave packet widths and
separation d achieved during the sequence, measured or calculated analyti-
cally from Eqs. (4.18) and (4.19) with the estimated value ω = 2π × 850 Hz
for the stopping pulse curvature. The experimental value of d is calculated
from the observed periodicity of the interference pattern λ, and the equation
λ = ht/md. The scaling factor ξ describes the squeezing in phase space (see
Sec. 4.7, Eq. 4.18), and σmin describes the minimal wave packet width at the
focal point (see Eq. 4.20). The last column describes the parameters of the
large wave packet separation sequence (red data point in Fig. 4.3).

simply by fitting the pattern to Eq. 4.3, and we need to adopt a more general
definition of the visibility.

Assuming our interference pattern is composed of an envelope (e.g. a
Gaussian) multiplied by some oscillating function, one such possible defini-
tion is to take the Fourier transform of the interference pattern. In k-space,
the result is a sum of three terms: one centered around k = 0 - representing
the envelope, and the two others at k = ±k0 = ±2π/λ - representing the os-
cillating terms. The visibility can then be defined as the ratio of amplitudes
of the oscillatory components to the amplitude of the zero component, ex-
plicitly: V = [A(+k0) +A(−k0)]/A(0), where A(k) represent the amplitudes
of the Fourier transform at point k. The visibility of the output multi-shot
images is calculated according to this procedure, using a numerical FFT of
each image.

In table 4.1 we show some wave packet parameters calculated from the
experimental parameters or results by using Eqs. (4.18) and (4.19). The wave
packet separation at the end of the stopping pulse is calculated from the
experimental data by using the measured spatial period of the fringes λ =
ht/md, where t is the TOF. The wave packet separation calculated from
Eq. (4.19) differs from the values calculated from the fringe periodicity by
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Point # Td0 [µs] T1 [µs] Td1 [µs] T2 + T3 [µs] Td2 [µs] T4 [µs] TOF [µs] TR [µs] z0 [µm] Ic [A] Contrast
1 920 2 50 4 50 2 502 640 91.07 0.89 0.86 ± 0.08
2 920 6 50 11.77 50.23 6 486 640 91.07 0.89 0.55 ± 0.05
3 920 10 50 20.157 49.843 10 470 640 91.07 0.89 0.41 ± 0.05
4 920 20 50 42 48 20 430 640 91.07 0.89 0.19 ± 0.02
5 920 30 50 65 45 30 390 640 91.07 0.89 0.06 ± 0.02
6 920 40 50 85.85 44.15 40 550 840 91.07 0.89 0.01 ± 0.01
1 920 6 4 11.6 4.4 6 578 640 96.06 0.89 0.58 ± 0.05
2 920 6 20 11.35 20.65 6 546 640 96.06 0.89 0.57 ± 0.05
3 920 6 100 12.1 99.9 6 386 640 96.06 0.89 0.46 ± 0.05
4 920 6 150 12.25 149.75 6 486 840 96.06 0.89 0.42 ± 0.05
5 920 6 200 12.4 199.6 6 586 1040 96.06 0.89 0.34 ± 0.09
6 1440 6 250 12.3 249.7 6 986 2060 96.06 0.89 0.33 ± 0.05
7 1440 6 300 12.45 299.55 6 886 2060 96.06 0.89 0.28 ± 0.08
8 1440 6 350 12.5 349.5 6 786 2060 96.06 0.89 0.19 ± 0.03
9 1440 6 400 12.5 399.5 6 686 2060 96.06 0.89 0.14 ± 0.04
10 1440 6 450 12.5 449.5 6 586 2060 96.06 0.89 0.13 ± 0.02
1 960 2 168 3.85 164.15 2 50 460 96.06 0.89 0.95 ± 0.09
2 958 4 164 7.5 164.5 4 48 460 96.06 0.89 0.85 ± 0.06
3 956 6 162 11.1 160.9 6 48 460 96.06 0.89 0.69 ± 0.08
4 956 10 154 18 156 10 46 460 96.06 0.89 0.35 ± 0.05
5 954 12 152 22 154 12 44 460 96.06 0.89 0.15 ± 0.04
6 957 6 161 11.1 161.9 6 47 460 96.06 1.81 0.47 ± 0.17
7 958 4 164 7.4 164.6 4 48 460 96.06 2.73 0.6 ± 0.14
8 959 2 167 3.8 167.2 2 49 460 96.06 3.73 0.72 ± 0.12
9 1009 2 317 3.7 317.3 2 99 860 96.06 3.73 0.32 ± 0.14
10 959 2 367 3.35 367.65 2 49 860 96.06 3.73 0.08 ± 0.1
11 1059 2 467 3.35 467.65 2 149 1260 96.06 3.73 0.06 ± 0.1
12 959 2 567 3.35 567.65 2 49 1260 96.06 3.73 0.06 ± 0.05
13 959 2 567 3.1 567.9 2 49 1260 96.06 5.66 0.05 ± 0.04

Table 4.2: Parameters of the full-loop data points in Figs. 4.4, 4.22, including
timings of the interferometer sequence. Colored point numbers correspond to
the colored numbers in Fig. 4.22 (one color per data set). Some of the points
presented here have been omitted from Fig. 4.4, since they are either sub-
optimal relative to other points (optimization was not good enough), or add
no significant new behavior (e.g. all points of the red data set have the same
momentum splitting, and thus represent a vertical line in the momentum
graph). Parameters are: Td0 - time between trap release to first gradient;
T1, Td1, T2, T3, Td2, and T4 are the gradient pulse durations and delay times
between the gradients, as shown in Fig. 4.2b; TOF - delay between T4 and the
last π/2 pulse; TR - total Ramsey interrogation time (i.e. the time between the
first and last π/2 pulses); z0 - initial trap distance from chip (before release);
and Ic - current in chip wires during gradients. The contrast values are the
experimental measured values, including propagated fit error. The value of z0

was calculated using the results of Fig. 4.6; uncertainties of a few µm exit due
to position shifts of the copper structure (Z wire) generating the magnetic
trap, relative to the chip from which the quadrupole field is generated. Blue
and green data sets are measured using current inversion sequence; green
data set is measured using spin inversion sequence (see Fig. 4.11 for details).

no more than 4%. The separation d is larger than the minimal Gaussian
wave packet width σmin by a factor 4.5 − 18. We note that the spatial
separation being much larger than the minimum wave packet width is an
experimental fact that is evident from the appearance of multiple fringes
in the final interference pattern (d/σmin roughly represents the number of
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Figure 4.9: Half-loop interference phase as a function of the applied chip
current during the first gradient pulse T1 (using a voltage stabilizer circuit),
used to produce the low visibility data in Fig. 4.3. The phase data has been
shifted vertically so that all data starts at the same initial phase for clarity.
The phase is clearly linear with the applied chip current, and we also confirm
that the slope divided by T1 of all curves is equal within error bars, as would
be expected from theory. The mean slope divided by T1 is ∂φ/∂I1/T1 = 6.49
rad/A/µs.

interference fringes of a single pattern). However, this wave packet separation
is inversely proportional to the spatial period of the fringes, λ, and as our
TOF is experimentally limited by the size of the vacuum chamber and the
field of view of the camera and its sensitivity, it follows that the wave packet
separation is limited by the practical resolution of the imaging system and
cannot exceed the maximal value of about 4µm, which was observed in our
experiment.

As noted, we normalize the multi-shot visibility to the mean of the single-
shot visibility taken from the same sample. This normalized multi-shot visi-
bility eliminates irrelevant effects such as visibility reduction due to an impure
BEC (thermal atoms), lack of perfect overlap between the wave packet en-
velopes in 3D, as well as imaging limitations such as inaccurate focal point,
limited focal depth, spatial resolution, camera speed relative to the speed of
the moving fringes, and so on.

Finally, let us also note that as the durations of our interferometer op-
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eration and work-cycle are 100µs (without TOF) and 60 s respectively, and
as we take data for several hours in each run, we believe we are sensitive
to fluctuations with frequencies lower than about 10 kHz. As the shortest
magnetic gradient pulse is 4µs, we may even be sensitive to frequencies up
to 100 kHz. This captures the dominant part of the 1/f (flicker) noise of
electronic systems.

4.3.2 Full-loop interferometer

Here, our signal is the single-shot visibility of spin population oscillations.
This visibility is normalized to the Ramsey oscillations’ visibility when no
magnetic gradients are applied. In Table 4.2 we present the parameters used
for each data point in Fig. 4.4. The atoms were initially trapped as in the
half-loop at 90± 2µm, and in later experiments were moved by 5µm so that
they are closer to the center of the quadrupole (which is at 98µm). The
drop time (free-fall) before the start of the sequence was Td0 = 0.9− 1.4ms
(4− 10µm), see table 4.2.

After achieving a population interference pattern (see Sec. 4.2), the pat-
tern’s contrast is measured by fitting to a sine function of the form P (φ) =
0.5C sin(φ + φ0) + const, where C is the contrast, φ is the applied phase
shift, and φ0 is a constant phase term. As noted, the resulting contrast is
normalized to that of a pure Ramsey sequence, i.e., without any magnetic
gradients (see Fig. 4.10 for typical data).

The basic experimental procedure used in the full-loop scheme is de-
scribed in Sec. 4.2, and its parameters are given in table 4.2. Here we describe
in more detail the ’current inversion’ and ’spin inversion’ sequences, used in
Fig. 4.4, beginning with the former sequence. These different sequences are
used in order to access a larger region of parameter space and to ensure the
robustness of our results (timing diagram is shown in Fig. 4.11). In the first
sequence, after applying a π/2 pulse and the splitting gradient T1 in one di-
rection (downwards towards gravity), we reverse the sign of the acceleration
by reversing the sign of the currents in the chip wires for the stopping and
reversing gradients T2 and T3, working in the opposite direction (upwards
towards the chip, this is done using two independent current shutters con-
nected to the chip in opposite directions). The opposite gradient causes the
relative movement between the wave packets to stop during T2, and to change
sign during T3. Finally the wave packets are brought to a relative stop and
spatial overlap by the second stopping pulse T4 given in the same direction
as the first gradient. The sequence is finished by applying a π pulse (to in-
crease coherence time, giving rise to an echo sequence) and a π/2 pulse, for
mixing the different spin states and enabling spin populations interference
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Figure 4.10: Fractional population in the mF = 1 state as a function of
the applied phase shift φ between the Ramsey π/2 pulses, for different kick
times. These data belong to the blue data set as it appears in table 4.2 and
Fig. 4.4. Also shown is the ‘pure’ Ramsey sequence (no gradients), used for
the normalization of the contrast values. A fit to a sine function is shown for
each curve (see Sec. 4.2).

(the π/2 − π − π/2 sequence is symmetric in time). The four consecutive
gradient pulses used in the current inversion sequence are applied either after
the first π/2 pulse (i.e. only a single π pulse is used as described above; used
in all points in the blue data set and points #1-5 in the red data set, see
table 4.2), or in between two π pulses to further increase the coherence time
(the π/2 − π − π − π/2 sequence is again time symmetric; used in points
#6-10 in the red data set).

In the second sequence, we keep the same current direction in all gradient
pulses, while reversing the spins with the help of two π pulses. These pulses
are applied, first just before the stopping gradient pulse T2 and second just
after the reversing gradient pulse T3. Each π pulse causes the spin states
to flip sign, thus changing the direction of the applied momentum kicks in
the center-of-mass frame (in lab frame, all gradient pulses push the atoms
downwards towards gravity). The spin inversion sequence is used in all points
of the green data set.
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Figure 4.11: Timing diagram of the full-loop experimental sequences. Sym-
bols are explained in table 4.2. (A),(B) The current inversion scheme, where
the sign of the gradient ∂B/∂z is switched during the sequence. The differ-
ence between (A) and (B) is the additional π pulse before the gradients, used
to increase the coherence time. (C) The spin inversion scheme, in which the
sign of the gradient ∂B/∂z is kept constant, and the relative force between
the spin states is inverted by using the π pulses in between the gradients,
inverting the spin states.

4.3.3 Calculation of the BEC wave packet size

We calculate w0, the in-trap Thomas-Fermi condensate half-length, in the z
(gravity) direction according to [64]:

w0 =

√
2µ

m

1

ωz
, (4.4)

where the Thomas-Fermi expression for the chemical potential of a harmon-
ically confined condensate is given by [64]

µ5/2 =
15~2m1/2

25/2
N0ω̄

3a, (4.5)

ω̄ = (ωxωyωz)
1/3 is the geometric mean of the trap frequencies, and a =

98a0 = 5.18 nm is the 87Rb scattering length. Using the values: ωz = 127
Hz (measured, see Fig. 4.12; we also assume that ωy = ωz); ωx = 38 Hz
(evaluated from magnetic trap simulation), N0 =10,000 atoms, we obtain
w0 = 2.88 µm. We then multiply this number by 0.41 to turn it into Gaussian
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width (see Sec. 4.8) and obtain σTFz ' 0.41w = 1.2µm, which is the number
used in Fig. 4.4. If we assume we have a factor of 2 error in both the number
of atoms and in ωx (as these parameters have the biggest uncertainties), the
resulting error in σTFz is ∼ 30%.

In order to compare this result to the experiment, we would like to mea-
sure the Thomas-Fermi wave packet size directly by imaging. However a
3µm wave packet size is on the edge of our imaging resolution, meaning we
cannot expect to see such a small wave packet without bias. Moreover, at
short TOF when the cloud is dense and close to the chip, we have some
effect which causes negative values of optical density to be measured near
the upper and lower edges of the cloud, thus distorting the image. This is
possibly due to the cloud diffracting the imaging light, adding more light on
the cloud edges (instead of showing positive or zero absorption).

These two effects mean that imaging the wave packet at short TOF is not
reliable, and we need to use a different technique: we perform a measurement
of the Thomas-Fermi wave packet size as a function of TOF (Fig. 4.13). The
equation of the BEC Thomas-Fermi w size as a function TOF is given by
[64]:

w(t) = w0

√
1 + ω2t2, (4.6)

where w0 is given by Eq. 4.4. Although we cannot deduce w0 by extrapolating
TOF to 0, we can use the slope to determine w0, assuming we know the
trap frequency ω. An independent measurement of the trap frequency in z
direction is shown in Fig. 4.12.

Experimental results for the Thomas-Fermi wave packet size as a function
of TOF are shown in Fig. 4.13. Values are obtained by fitting the imaged
atomic density to a bi-modal (Gaussian + Thomas-Fermi) density profile.
We fit the resulting wave packet size vs. TOF to an equation of the form√
a+ bt2, which corresponds to Eq. 4.6 with an extra free parameter for the

wave packet size at zero TOF. Using parameter b obtained from the fit, we
calculate the initial wave packet size to be w0 =

√
b/ω = 3.35 and 2.74µm, for

the upper and lower panels of Fig. 4.13, respectively (each panel represents a
different data set). These numbers are close to theoretically calculated value
of w0 = 2.88 µm.

On the other hand, calculating w0 from parameter a gives w0 =
√
a =

15.76 and 11.64µm, for the upper and lower panels, respectively, far from
the theoretical value. At a TOF of 4 ms, theory gives w(t = 4 ms) = 10µm,
while the experimental result gives 15.4 ± 0.9µm, and 15.74 ± 0.7µm for
the upper and lower panels of Fig. 4.13, respectively. The limited imaging
resolution alone cannot explain this deviation from theory. Another possible
explanation is that we have additional limitations to our imaging system
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Figure 4.12: Measurement of the trap frequency in the z direction. The
x axis is the time the atoms oscillate in the trap, after applying a kick in
the z direction, using a gradient from the chip. The y axis shows the final
position, measured after trap release and additional TOF. The fit gives a
result of f = 126.9± 2.1 Hz.

(e.g. cloud is out of focus). Alternatively, it is possible that the experimental
results are correct, and the theory misses some other effect. Although the
latter case means we spatially split the BEC to less of its spatial extent,
it also means we split it in momentum more than the maximal number of
∼60 reported in Fig. 4.4b (assuming the BEC is a minimal-uncertainty wave
packet).

4.4 Instability sources and optimization

4.4.1 Half-loop interferometer

In the half-loop configuration, a major source of phase noise is the shot-
to-shot current fluctuations in the chip wires, which cause fluctuations of
the magnetic field energy during the time between the two π/2 pulses, in
which the two wave packets occupy two different spin states [33]. Using
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Figure 4.13: BEC Thomas-Fermi size as a function of TOF, each panel is
a different data set. Red line is a fit with two free parameters (a and b).
Calculating w0 by extrapolating the TOF to 0 (i.e. taking w0 =

√
a) gives a

result far from the theoretical value - much more then the evaluated error of
30%. However, using the slope (w0 =

√
b/ω, using the trap frequency ω which

is independently measured), we obtain values close to the theoretical one of
w0 = 2.88 µm. Black line is the theoretical prediction, no free parameters.

a quadrupole field to create the magnetic gradient reduces this noise (see
Fig. 2.3).

To suppress the 50 Hz electrical grid noise which is coupled to the atoms
through the bias coils’ current supplies, we synchronize the experimental
cycle start time to the phase of the electrical grid sine wave (this is done by
using a phase-lock loop, which sends a trigger to the experimental control).
In our experiment this significantly reduced this type of noise.

Additional technical sources of noise include timing jitter of the magnetic
gradient pulses (originating from the experimental control hardware), phase
measurement uncertainty (due to the fitting procedure) of about 0.1 rad,
and chip-to-camera relative position fluctuations (along the direction of the
fringes). For the latter, assuming a shot-to-shot instability of 1µm and
a 31.4µm interference pattern periodicity, these vibrations would create a
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Figure 4.14: Normalized multi-shot visibility as a function of time interval
between the two π/2 RF pulses (bottom x axis). This is the duration in which
there exists a spatial superposition of two different spin states. For times
shorter than 150µs, the normalized multi-shot visibility is not sensitive to
the interval time. We also show in the top x axis the corresponding calculated
separation of the two wave packets. Note that the two x axes do not have
exactly the same zero point as the spatial separation starts only with the
start of the magnetic gradient pulse and this starts with some delay after the
first RF pulse has been completed. For comparison, the Ramsey coherence
time (i.e. no spatial separation) is 400µs.

2π/31.4 = 0.2 rad phase instability.
Although the fluctuations coming from the homogeneous bias field are

considered to be small, we minimize the time in which the wave packets have a
different spin to 40µs. In Fig. 4.14 we show that the visibility is not sensitive
to this time interval as long as it is below 150µs. The high normalized
multi-shot visibility corresponds to phase fluctuations of less than 0.5 radian
for this time period, showing that the fluctuations of the homogeneous bias
field are smaller than δB/B ∼ 2 · 10−5. However, one should not exclude
the possibility that long-time drifts of the value of the bias field do exist and
may give rise to changes in the optimal system parameters.

To further reduce the phase noise, we optimize the experimental sequence
parameters, including the initial distance of the magnetic trap from the chip.
The initial trapping distance determines the position of the atoms relative to
the magnetic quadrupole created by the chip wires during the gradient pulses.
At a given distance |z − zquad| from the quadrupole center the differential
phase fluctuations δφ are proportional to the relative current fluctuations,
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Figure 4.15: Normalized visibility as a function of the initial trap distance
from the atom chip. The other experimental parameters are (T1, Td, T2) =
(6, 104, 130)µs and (12, 158, 180)µs. Minimal visibility reduction due to mag-
netic fluctuations during splitting is expected when the splitting position
(4µm farther than the trapping distance due to free fall between trap re-
lease and gradient time) is closest to the quadrupole center (at z = 98µm).
In practice the visibility may also be governed by imperfections in the later
stages of the sequence if the parameters are not optimized for each measure-
ment point. The low visibility data in this plot shows the consequence of
lack of synchronization with the 50 Hz electricity grid.

such that (∆mF = 1) δφ(z) = −gFµBδB(z)T1/~ ∝ k(T1)|z − zquad|(δI/I),
where ~k(T1) is the differential momentum kick of the beam-splitter, which
is linear with the splitting pulse time T1, and µB is given in units of Joule per
magnetic field (in Gauss or Tesla). The latter proportionality to δI/I is a
result of the fact that k(T1) is proportional to the magnetic gradient, and the
latter times the distance from the quadrupole center equals the magnitude of
the magnetic field. These fluctuations never vanish completely, as the wave
packets have a finite size (about 6µm Thomas-Fermi edge-to-edge) and their
center position also fluctuates from shot to shot (initial trapping position
fluctuations are estimated in our system to be ±1.5µm). Figure 4.15 shows
the dependence of the normalized multi-shot visibility on the initial wave
packet position when the other parameters are kept constant. Ideally the
visibility would be maximal when the atoms are closest to the quadrupole
center at = 98µm, namely, when we release the atoms from the trap at
ztrap = 94µm (taking into account a 4µm falling distance before we apply
the splitting pulse). However, the initial position of the atoms also affects the
magnitude of the magnetic field gradient (related to the amount of momen-
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tum ~k imprinted on the cloud) and the field’s curvature. This influences
the stability of later stages of the interferometric process, such as relative
stopping of the two wave packets by the second gradient pulse, so that the
maximal visibility may not occur exactly at the optimal position during the
splitting pulse and the highest value of the visibility is not reached. In the
half-loop experiment we did not perform a full combined optimization of the
initial trapping position and the delay and stopping pulse durations, but
rather used a constant trapping position of about ztrap = 87.5µm (Fig. 4.15)
and optimized the duration of the delay and stopping pulses, as described
below.

In Fig. 4.16 we demonstrate the basis for our main half-loop optimization
procedure, which aims to minimize the hindering effects of fluctuations in the
later stages of the interferometric sequence: stopping the relative wave packet
motion after the free propagation time Td. For a constant initial trapping
position (which is relatively close to the quadrupole center) we change the
second gradient pulse time T2 for several propagation times Td. For each
value of the propagation time Td, maximal normalized multi-shot visibility is
observed at a corresponding stopping time T2 for which we believe that a full
stopping of the relative wave packet motion is achieved. We note, however,
that other factors, such as long-term drifts in the homogeneous magnetic
field from the bias coils or voltage supplied to the chip wires, may also affect
the stability of the phase, so in order to obtain the data points in Fig. 4.3 we
have used the maximal value of the normalized multi-shot visibility taken over
many experimental sessions (see Fig. 4.8), such that these values represent
the minimum effect of noise sources other than the main source: shot-to-shot
current fluctuations during the splitting gradient pulse.

We note that if the stopping parameters are optimized, we expect the
initial position fluctuations of the atoms to play a very minor role in the
final visibility. As shown in Sec. 4.7, if the stopping pulse is designed to
almost completely stop the relative motion of the centers of the two wave
packets, then the final shape of the fringe patterns, including their final
position, is the same as the shape of the fringe patterns formed just after
the splitting pulse, up to a scaling factor. As the phase of the fringes after
the splitting pulse, namely the position of their peaks, are determined only
by the magnetic field gradient and not by the envelope of the initial wave
packet, shifts in the initial position of the wave packets before the splitting
kick will not cause any phase shifts. It follows that the positions (phase) of
the observed fringes are expected to be independent of the initial wave packet
position, even if the envelopes of the fringe patterns move, as was reported
in previous work [33].
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Figure 4.16: Normalized visibility as a function of the stopping gradient pulse
duration T2 for a given splitting pulse duration (T1 = 6µs) and a few values
of free propagation time between gradient pulses Td. We expect maximal
visibility when the stopping pulse is designed to most accurately stop the
relative wave packet motion [T2 = acot(ωTd)/ω, see Eq. 4.16]. Corresponding
nominal optimal values for Td = 124, 174 and 224µs are T2 = 185, 154 and
130µs, respectively, for the estimated curvature ω = 2π × 850 Hz.

4.4.2 Full-loop interferometer

Table 4.3 lists possible sources of the contrast drop observed in the full-loop
scheme (Fig. 4.4), which is currently unexplained by our theory (see discus-
sion towards the end of Sec. 4.1). The table also lists why we ruled out each
source, and the expected contrast loss due to each source. Here we explain
some of these sources in more detail.

The first source on the list is the initial trap position offset in the y
direction, relative to the center of the chip. The SGI is sensitive to this
source due to the geometry of our system: since the chip wires’ dimension
in the y direction is 40µm, an offset of a few µm would mean that during a
magnetic gradient kick, the different spins would acquire different momentum
not only in the z direction but also in y. This would result in loosing any
interference signal, either due to momentum orthogonality between the wave
packets, or zero overlap in the y direction after some evolution time. On the
other hand, we are insensitive to the initial position along x since the wires
run along that direction. Figure 4.17 shows the initial y position optimization
for both the half-loop and full-loop schemes. The initial y position is adjusted
by changing the z bias magnetic field value before trap release.

Another possible source for contrast loss are constant magnetic gradients
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that exist in the chamber, either from our bias coils or from stray fields.
During a Ramsey sequences the wave packets are found in a superposition
of different spin states. A constant magnetic gradient exerts a differential
force on the different spin states, thus causing orthogonality between the
different spin wave packets and loss of contrast in the Ramsey sequence. In
previous work [34] we have found that our y bias coils produce a gradient in
the z direction. The magnitude of the gradient is evaluated to be ∼ 71 G/m,
which should induce a Ramsey decoherence rate similar to our measured
value of about 400 µs (within an order of magnitude). However, adding
one or two RF π pulses (as is done in the full-loop sequence) reduces this
effect, enabling to observe much longer coherence times (up to 4 ms have
been observed in our system). This proves that constant gradients should
not play a significant role in contrast loss of the full-loop scheme.

Moreover, we can make another claim: if constant gradients are the main
source for loss of coherence, we should not observe significant coherence loss
when TR - the total Ramsey time (i.e. the time between the two π/2 pulses)
remains constant, and some other parameter is scanned. However, we see
that the contrast decreases rapidly even when TR is constant - see, for ex-
ample, points 1-5 in the blue data set and 1-3 in the red data set (table 4.2).
Although all points have the same total Ramsey interrogation time TR = 640
µs, we see large variation in contrast (0.01-0.86). We can make the same claim
using points 1-8 of data set 3.

4.5 Additional details of main figures (Figs. 4.1-

4.5)

In previous sections we have provided numerous details regarding the main
figures. In this section we give for completeness some additional details
regarding these figures.

4.5.1 Figure 4.1

Since the thermal interference fringes shown in Fig. 4.1a suffer from wave-
length chirp due to larger thermal cloud size (compared to a BEC), we fit
this image by modifying the argument of the sine function in Eq. 4.3 to
φ+ 2π

λ
(z − zref) + k1(z − zref)

2, where k1 is a chirping parameter.
Figure 4.18 shows a polar plot of the phase of the 40 consecutive shots

composing Fig. 4.1b. The splitting pulse duration is T1 = 4µs and after a

73



−4 −3.5 −3 −2.5 −2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Z bias current [A]

H
al

f−
lo

op
 s

in
gl

e−
sh

ot
 v

is
ib

ili
ty

 

 

ABEC, T
1
 = 6 µs

BEC, T
1
 = 6 µs (#2)

BEC, T
1
 = 12 µs

Thermal cloud, T
1
 = 4 µs

−2.8 −2.75 −2.7 −2.65 −2.6
0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

Z bias current [A]

S
G

 s
pi

n 
po

pu
la

tio
n 

fr
in

ge
 c

on
tr

as
t

B

−3 −2.5 −2
36

38

40

42

44

46

48

50

52

54

Z bias current [A]

m
F=

1 
po

pu
la

tio
n 

[%
]

C

Figure 4.17: Initial y position optimization using different observables, as a
function of the Z bias value. The Z bias causes a y position shift of about
30µm/A. (A) Single shot visibility in the half-loop sequence of a BEC and a
thermal cloud, for different T1 values. (B) Full-loop contrast for T1 = 2 µs.
(C) Full-loop population oscillations for T1 = 20 µs. Qualitatively, this result
is similar to the result in Fig. 4.5. All three graphs show a similar result -
the optimal point is around -2.65 A, for which the atoms are located directly
below the chip center, and thus obtain momentum only in the z direction
(see Sec. 4.4.2 for details).

delay of Td = 116µs the stopping pulse duration is T2 = 200µs. Time-
of-flight is TOF = 6810µs [the parameters in (A) are almost exactly the
same]. As the observed absolute visibility is Vav = 0.76± 0.01, and the mean
of the single-shot visibility is 〈Vs〉 = 0.77 ± 0.03, the normalized visibility
VN ≡ Vav/〈Vs〉 is approximately 99% (corresponding to a phase standard
deviation of ∼0.1 rad).

In Fig. 4.1.c we show a high visibility spin population interference pattern.
The data shown in Fig. 4.1.c is before normalization, and has a visibility
(obtained from fit, see Sec. 4.3) of 91.02 ± 7.32%. As the contrast of the
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Imperfection causing SGI loss
of coherence (in brackets: esti-
mated magnitude of imperfec-
tion)

Reason of being insignificant Expected coher-
ence loss

Initial offset in y direction (∼
1.5µm)

Optimized (see Fig. 4.17 and text for more de-
tails); Spin inversion scheme should reduce
sensitivity

2% for spin inver-
sion

Constant magnetic gradient in
x/y/z (71 G/m in z direction)

Spin echo sequences used (see Sec. 4.3) should
be insensitive to constant gradients; We see
the contrast decreasing rapidly even when TR
is constant; we should see splitting in the
imaging x-y plane

negligible

Momentum and position are
not optimized in the same
value of T2

Separate optimization did not give any im-
provement; Since maximum ∆z is small, effect
is negligible

see simulation re-
sults

Phase noise (the average pop-
ulation standard deviation of
the experimental results is
3.35%)

We measure the effect of phase noise
on the output population (e.g. see
Figs. 4.10, 4.1c, 4.5), and it is too small

3.35%

Initial wave packet is not close
to a minimal uncertainty one,
BEC is impure

For most of the data, we observe a BEC with a
minimal BEC fraction is 70%. Thus we don’t
expect a loss of coherence to below that of the
BEC fraction

Reduction to
∼70% of the orig-
inal contrast. An
exact calculation
for the thermal
part is beyond the
scope of this paper

Spin dependent potential
curvature, causing differen-
tial non-linear relative phase
between wave packets

Simulated, should be a small effect see simulation re-
sults

Atom-atom repulsion causing
wave packet distortion

Gross-Pitaevskii simulation agrees with
Thomas-Fermi and Castin-Dum simulations

negligible

RF pulses π or π/2 are out
of resonance, either due to
magnetic ‘tail’ of the gradient
pulses, or long term drifts

Measured ‘tail’ effect is small as we keep time
separation between gradients and RF pulses
(see table 4.2); π pulse is calibrated between
measurements

Reduction to
∼90% of the
original contrast

Fabrication: chip is not sym-
metric along y

Initial y position optimization should cancel
most of the effect; Simulated and does not
show strong coherence loss

2% for spin inver-
sion

Mismatch in some other di-
mension? e.g. rotation / tilt
/ spin...

Below our experimental ability to detect, and
beyond the scope of this paper

Table 4.3: Possible sources of coherence loss in the full-loop scheme.

’pure’ Ramsey sequence (without magnetic gradients) is 95.44 ± 5.01%, the
normalized contrast is 95.37 ± 9.16%. T1 = 2µs, Td1 = 168µs, T2 + T3 =
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Figure 4.18: Polar plot of phase vs. visibility (shown as angle vs. radius),
of the 40 consecutive half-loop SGI interference images composing the multi-
shot image in Fig. 4.1b. The experimental parameters are (T1, Td, T2) =
(4, 116, 200)µs.

3.85µs, Td2 = 164.15µs, T4 = 2µs and TOF = 50µs (end of T4 to last π/2
pulse).

4.5.2 Figure 4.2

In Fig. 4.2 we show a schematic position-vs-time diagram for both the half-
loop and full-loop longitudinal SGI configurations. Both figures are plotted in
the center-of-mass frame, namely, that of an equivalent atom with mF = 3/2
being accelerated by the magnetic gradients and gravity.

As can be seen in Fig. 4.2a, during the stopping pulse (T2) of the half-
loop sequence the two wave packets have the same spin, meaning that the
differential force (originating from the different distance of the wave packets
from the chip at this stage) is small compared to the force during the first
gradient pulse (T1). This means that in order to stop the relative motion
of the wave packets, a long stopping pulse is required, giving rise to an
harmonic potential, due to the shape of the potential created by the chip
wires. This harmonic potential creates a tight focus for the wave packets
at time difference Td from the end of T2. The values of the minimal wave
packet width σmin at the focal point are listed in table 4.1 (calculated using
in Eq. 4.20). Due to this focusing, we achieve the ratio of 4.5-18 between the
wave packet separation and their size, mentioned in Sec. 4.3.
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4.5.3 Figure 4.3

Details regarding the theoretical lines in Fig. 4.3 are given in the next section.
As a preface let us just note here the accuracy of our numerical wave packet
dynamics simulation, by showing in Fig. 4.19 the 1% accuracy with which it
estimates the basic parameters of the interferometer, specifically the maximal
separation and periodicity of the interference pattern.

The random vector model data (green lines) were obtained by solving
the time-dependent Schrödinger equation Eq. 4.7 numerically. The random
vector was chosen from a Gaussian distribution by considering the infinite-
correlation length limit. The wave packet was chosen to be at a distance of
5µm above the quadrupole center. The chosen parameters were ε = 0.0069
and ε = 0.018, respectively for high visibility and low visibility data. The
first value was estimated from the wave-packet propagation model described
in section 4.6, while the second is the experimental value used for when
producing the added noise. A more extensive description of the random
vector model is given in section 4.6.

The numerical wave-packet propagation model dashed and solid red lines,
for the high and low-visibility runs, respectively) is based on a full simula-
tion of the interferometric process as described in section 4.6. For the high
visibility data the model assumes relative current fluctuations δI1/I1 = 0.3%
during the splitting pulse, as measured independently, and δI2/I2 = 0.14%,
during the stopping pulse. As the fluctuations in the stopping pulse were
not directly measured, we use a number that best fits the experimental data.
For the low visibility data we show a line calculated by using the measured
fluctuations (δI1/I1 = 1.8%) during the splitting pulse. The numerical visi-
bility was normalized to the multi-shot visibility of simulated fringe patterns
whose fluctuations are purely due to initial position fluctuations ∆zinitial of
1µm (standard deviation) around z = 87.5µm from the chip. The ana-
lytical visibility (smooth solid line) was calculated by using Eq. (4.11) (see
section 4.6 below) with σz = 1.53µm (wave packet width + initial position
uncertainty), κ = 0.86 (µm · µs)−1 and central distance of z0 = 6.5µm from
the quadrupole field center.

Here we would like to explain the error bars of the low visibility data
in Fig. 4.3a, which are much bigger than those of the high visibility data.
As noted in Sec. 4.3, the normalized multi-shot visibility is defined as VN ≡
Vav/〈Vs〉, and the error bars are estimated using Eq. 4.2. In that equation, the
third term under the square root estimates the expected relative standard
error of the normalized multi-shot visibility due to the finite sample size

(Eq. 4.61), and is given by 1
2N

(
1−V 2

N

VN

)2

. Since for this factor grows larger as
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Figure 4.19: Comparison between the half-loop experimental results and the
numerical wave-packet propagation model. (A) Final z position as a function
of the first gradient pulse duration T1. (B) Residuals showing the difference
between the experiment and the simulation in (A). The mean absolute resid-
ual is 1.15%. (C) Periodicity of the interference pattern as a function of the
first gradient pulse duration T1. (D) Residuals showing the difference be-
tween the experiment and the simulation in (C). The mean absolute residual
is 0.97%. The lines in (A) and (C) are not monotonic since these are differ-
ent points in a multi-dimensional space: T1 is not the only parameter that
changes between each point, but also Td, T2, and the time-of-flight, due to
the complex optimization process.

VN approaches 0, it results in a large error estimation, even when the number
of single shots N is high (N = 138-267 for the low visibility data).

Since the low visibility data presented in Fig. 4.3a were taken a few months
after taking the high visibility data, the same experimental parameters gave
normalized multi-shot visibility 2-10% lower than the original data, due to
long term drifts. To suppress the effect of this drift on the low visibility
data, we normalized each measurement to a corresponding one using the same
experimental parameters, in which zero noise was added (i.e. the chip current
was held constant throughout the measurement), such that only ’natural’
noise affected the results. This normalization means that only the added
noise (induced by varying chip current during the first gradient pulse) affected
the drop of visibility in the low-visibility data.

Figure 4.20 shows a version of Fig. 4.2 which includes theoretical predic-
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Figure 4.20: Half-loop results for the random vector model, see section 4.6.
We numerically solve the model by applying the Crank-Nicolson algorithm
[92], for two extreme cases: The first model assumes fluctuations with zero
correlation length. This describes a situation where fluctuations in the mag-
net are local and the atom is very close to the magnet so that there is no
spatial averaging. Such fluctuations may originate in Johnson noise or a local
response e.g. of magnetic domains, impurities and geometrical defects to
global temperature or vibrational fluctuations. The second model assumes
the other extreme limit in which the fluctuations are global and the cor-
relation length is infinite. This limit is more relevant to our experimental
situation in which current fluctuations are the dominant source of random-
ness. In the future, as current fluctuations go down to the shot-noise level and
below (squeezed currents, e.g. [93]) so that Johnson noise becomes dominant,
or when permanent magnets are used, both limits will be important.

tions for the random vector model, with both zero-correlation length and
infinite-correlation length assumptions for the fluctuation correlation length
(see Sec. 4.6).
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Figure 4.21: Fractional population in the mF = 1 state as a function of the
applied phase shift φ between the Ramsey π/2 pulses, for data point 13 of
the green data set shown in Fig. 4.22 (experimental parameters are listed
in table 4.2). The contrast resulting from the fit is C = 3.71 ± 2.67%. As
the contrast of the ’pure’ Ramsey sequence (without magnetic gradients)
is 71.20 ± 6.82%, the normalized contract is 5.21 ± 3.78%. The number of
averaged single shots per point is 4.

4.5.4 Figure 4.4

Concerning data point 13 of the green data set (∆max
z /σz,BEC ' 4): although

its out of the trend of the data, we believe it is a valid point. As our interfer-
ometer runs on 12 different parameters (4 gradient chip currents, 4 gradient
durations, two delay times, and initial distance from chip, initial y position),
it is not surprising that individual points appear above the trend due to
slightly better optimization. The raw data (population oscillation) of this
point are presented in Fig. 4.21.

Figure 4.22 shows a full version of Fig. 4.4, including all points omitted
for clarity from Fig. 4.4.
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Figure 4.22: Figure 4.4 (analysis of stability and precision), including all data
points appearing in table 4.2, some of which have been omitted for clarity
from the Fig. 4.4 (as explained in the caption of table 4.2).

4.5.5 Figure 4.5

Figure 4.5 shows the results of the optimization procedure we use in order to
maximize the interference contrast of the full-loop SGI. In the optimization
procedure, we set the durations of the first and last gradient pulses T1 and
T4 and also the durations of the delay times Td1 and Td2 (usually T1 = T4 and
Td1 = Td2 to begin with). We then measure the output population of the full-
loop SGI sequence as a function of the second and third gradient pulses T2+T3

durations, while keeping the total duration T2 +T3 +Td2 constant. A typical
result is that shown in the inset of Fig. 4.5, fitted to a Gaussian envelope
times a sine function. The Gaussian envelope corresponds to the timing
at which the wave packets overlap at the end of the interferometer, where
the peak of the envelope is the maximum of the overlap integral, roughly
corresponding to zero momentum between the wave packets (although the
spatial position also has some contribution). The sine function corresponds
to the added phase between the two interferometer arms, per units time of
T2 + T3. Ideally for linear magnetic gradients, we would expect the peak
overlap to occur when the sequence is symmetric i.e. T1 + T4 = T2 + T3.
However due to the asymmetry of the magnetic potential created by the chip
wires in the z direction, the optimal point is below or above the symmetric
time (the specific number depends on the scheme used - spin inversion or
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current inversion).
The numerical wave-packet propagation model gives similar results con-

cerning the optimal time of T2 + T3, and the population oscillation as a
function of T2 +T3. However, there is a discrepancy between the experiment
and the simulation regarding the maximum achieved overlap integral and
consequently the visibility, as can be seen in Fig. 4.4.

4.6 Theoretical models

In this section we present the analytical and numerical models used for gen-
erating the theoretical values appearing in Figs. 4.3, 4.4.

4.6.1 A random vector model for an SGI

We start by utilizing the randomized Hamiltonian model, governed by a dis-
order parameter ε, to describe TI. We consider two extreme cases. The first
model assumes fluctuations with zero correlation length. This describes a
situation where fluctuations in the magnet are local and the atom is very
close to the magnet so that there is no spatial averaging. Such fluctuations
may originate in Johnson noise or a local response e.g. of magnetic domains,
impurities and geometrical defects to global temperature or vibrational fluc-
tuations. The second model assumes the other extreme limit in which the
fluctuations are global and the correlation length is infinite. This limit is
more relevant to our experimental situation in which current fluctuations are
the dominant source of randomness. In the future, as current fluctuations go
down to the shot-noise level and below so that Johnson noise becomes dom-
inant, or when permanent magnets are used, both limits will be important.

The atom-chip SGI presented here is, in a first approximation one-dimensional
in the direction of gravity, perpendicular to the chip plane [33, 34]. This al-
lows for a simple theoretical study with a tractable model, where we utilize a
1D Schrödinger equation for each wave packet ψj(z, t), corresponding to the
two spin states. During the pulse duration T the relevant equation is:

i~
∂ψj(z, t)

∂t
= − ~2

2m

∂2ψj(z, t)

∂z2
+ Vmj(z)ψj(z, t) + εVε,j(z)ψj(z, t), (4.7)

where Vmj(z) is the magnetic potential energy of the wave packet j due the
pulse from the chip wires. The term Vε,j (a vector with 3000 elements, where
each element corresponds to 5 nm in real space) describes randomness in the
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magnets that results from the effects of the environment, including also the
operational limitations [94]. This may provide a reasonable model for both
the half-loop and full-loop SGI.

However, we present this model only for the half-loop data as the model
does not take into account the specifics of the experiment (in Fig. 4.4 we
show the theory lines provided by the numerical wave-packet propagation
model which is described in the following and which we consider to be more
accurate in simulating the specifics of the experiment). The specifics of the
experiment which our random vector model does not take into account are
the wire widths, the effect of the stopping pulse duration (the second pulse in
the half-loop configuration), and the propagation time as well as the time-of-
flight. Furthermore, it does not use the Gross-Pitaevskii equation but rather
the schrödinger equation (this is not a bad approximation as the BEC is
expanding in free-fall and the interactions are small). These simplifications
were made in order to save run time. Most importantly, we believe the
random vector model is less appropriate for the full-loop configuration, as it
is not clear how to use a randomization parameter to describe the precision of
the magnets, for which we have no good model. Namely, even if we manage
to get a good fit to the data, the interpretation of the model in terms of the
actual physical processes taking place will be hard.

We will now concentrate on the model for the half-loop experiment. The
average over different random-number seeds simulates the shot-to-shot tem-
poral fluctuations (due to current fluctuations in our apparatus and temper-
ature fluctuations or initial position fluctuations in the permanent magnets).

In our simulation Vε,j is different for different j = 1, 2 as each spin state is
in a different region of space and may encounter different randomization. The
index j also affects the calibration of the random term such that Vε,j = VεVmj ,
where Vε is a random diagonal matrix. We simulated two different limits
which are the zero-correlation and the infinite-correlation models. In the
zero-correlation model, the elements of Vε are randomly taken between −1
and 1 with a width equal to 1/

√
3. In the infinite-correlation model, all

the components of Vε are equal to a single random number also chosen be-
tween −1 and +1. In both cases, Vε is reloaded from one shot to another
thus mimicking the randomness of our pulses. The magnetic potential in
our experiment is Vmj(z) ≈ 10−27 J. In our three-layer system (environment–
magnet–probe), the signal is a measure of TI in the magnets and is of course
also affected by the strength (and duration) of the coupling between the
probe atom and the magnet. Numerous works have directly utilized Vε in
relation to TI and the arrow of time (e.g. [95]). Each realization of Vε (single-
shot) yields perfect visibility. Like in the experiment, the eventual visibility
reduction occurs from averaging over many realizations. Hence, the stochas-
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tic time evolution is replaced by an ensemble average. Finally, Eq. (4.7) is an
alternative to the usual density-matrix approach. The effective Schrödinger
equation used here and the density-matrix approach are known to be equiv-
alent [96–98].

We calculate the interference function between the two wave packets
ψj(z, T ), after mixing the internal spin states with a π/2 pulse, namely
nε(z, T ) = |ψ1(z, T ) + ψ2(z, T )|2, where ψj is the solution of Eq. (4.7). Only
the splitting pulse is accounted for, namely we do not examine the effect of the
stopping pulse duration. Furthermore, we do not take into account propaga-
tion time or time-of-flight. This is justified by the optimized recombination
sequence mentioned above, which is assumed to represent an almost perfect
180◦ phase space rotation (Fig. 4.27). This gives rise to a measured interfer-
ence pattern having approximately the same shape (in scaled coordinates)
as the interference pattern formed right after the splitting, which is what is
simulated in our model. The numerical solution of Eq. (4.7) was obtained
by applying the Crank-Nicolson algorithm [92]. Simulation parameters are
chosen so as to match the experiments. The visibility is calculated by aver-
aging over the different interference patterns obtained for many realizations
of Vε.

The source of the magnetic potential Vmj(z) for the two wave packets
during the gradient pulse is modeled by three parallel wires extending along
x, infinitely long and having zero thickness. This gives rise to the analytic
form

Vmj(z) =
αj
z

(1− 2

1 + ( zw
z

)2
), (4.8)

where,

α = mFjgFj
µBµ0I

2π
, (4.9)

and where mFj = 1, 2 for j = 1, 2 are the projections of the hyperfine levels
(i.e. Zeeman sub-levels), gFj = 1

2
is the Landé factor, the current magnitude

is on the order of I ≈ 1A, and the inter-wire distance is zw = 100µm. The
homogeneous bias field is assumed to be constant and we therefore ignore
it. The center of the quadrupole field (zero magnetic field) in this model is
equal to the inter-wire distance zw = 100µm. Since the initial experimental
position is about 5µm above the zero of the quadrupole, in this simulation,
we choose zquad = 100µm and z = 95µm, respectively.

The visibility is then obtained analogously to the experiment: many
single-shot interference patterns (in the simulation, each with its own ran-
dom vector, and each giving 100% visibility) are averaged to give a multi-shot
pattern 〈nε(z, T1)〉 with reduced visibility due to shifts of the individual pat-
terns. In Fig. 4.23, we show 〈nε(z, T1)〉 = 〈|ψ1(z, T )+ψ2(z, T )|2〉 for different
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Figure 4.23: Time evolution of the interference pattern nε(z, t) for ε = 10−3

(A), ε = 10−4 (B), and ε = 10−5 (C). The center of the cloud starts at
z0 = 95µm, 5µm from the simulated quadrupole center. At short times
(< 4µs) the total number of atoms oscillates between the two states |±〉 ≡
2−1/2(|mF = 2〉 ± |mF = 1〉) and at later times the atomic population of
each of these states (specifically nε(z) of the sate |+〉 in the figure) creates
an interference pattern representing a superposition of two momentum states
eikjz (j = 1, 2), where the momentum difference |k1 − k2| (number of fringes
per unit length) grows linearly with time. As ε becomes larger the visibility
of these fringe patterns decreases faster in time. As shown in 4.1, the shape
of the fringe patterns shown here just after a splitting pulse of a variable
duration represents the shape of the corresponding fringe patterns observed
after the complete interferometric sequence, given that the dominant source
of TI acts during the splitting pulse. Hence the visibility of the simulated
patterns shown here represents the visibility expected in the experiment.

values of ε. The averaging 〈. . . 〉 is over samples of up to Nc = 1000 config-
urations of Gaussian disorder. The influence of the magnitude of ε on the
interference pattern is evident. For ε = 10−6, we did not observe any disap-
pearance of the fringes for the longest pulse simulated, T1 = 100µs. Hence
for this ε the system is nearly reversible. The simulated visibility is obtained
from Fig. 4.23 by a simple fit of the form

nε(z, t) = A exp[−(z − z0)2

2σ2
][1 +Vε(t) cos[k(z− z0) +β(z− z0)2 +φ)], (4.10)

where k = 2π/λ represents the fringe periodicity λ and the quadratic term
β(z − z0)2 accounts for spatial frequency chirp within the pattern.

In Fig. 4.24, we show Vε(t) as a function of the splitting pulse duration
for ε = 10−3, ε = 10−4, and ε = 10−5. The finite sample size at each time
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implies a standard error of the order of δVε ∼ (1−V 2
ε )/
√

2N [see Eq. (4.61)].
In order to compare the experimental data (Fig. 4.3) to the theoretical model
while eliminating the statistical errors, we fit the visibility Vε resulting from
the simulation to the simple form Vε(t) = exp[−∑3

j=1Aj(ε)t
j], shown by the

solid curves in Fig. 4.24. At low visibilities the numerical points are usually
higher than the fit as the statistical noise forces the absolute value of the
visibility to saturate at 〈Vε〉 ∼ 1/

√
2N ∼ 0.07. The expected uncertainty of

the finite sample visibility is represented by the dashed curve, one standard
deviation above the visibility for ε = 10−3.
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Figure 4.24: The visibility Vε(t) as a function of t for different values of ε. The
solid lines represent a fit to the function Vε(t) = exp[−∑3

j=1Aj(ε)t
j] (without

taking into account the range of low and noisy visibility where Vε(t) < 0.2).
The fitting parameters Aj(ε) (1 < j < 3) were used for comparing the random
vector model to the experimental results in Fig. 4.3.
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4.6.2 Analytical model for half-loop visibility

We now present a simple analytical model for multi-shot visibility in a half-
loop interferometer (namely, spatial interference fringes) with instability.
The model was used for the low visibility data in Fig. 4.3 (with no free param-
eters!). The model assumes fluctuations with an infinitely long correlation
length, namely, noise in global parameters of the system. We assume that the
final interference fringes observed in the experiment represent the interference
of two similar wave packets ψj (j = 1, 2) with fluctuations δφ of the central
phase difference, momentum difference uncertainty ~ δk and center distance
fluctuations δz. If we neglect fluctuations of the delay time between the two
pulses and fluctuations in the second (stopping) pulse and assume that the
second pulse is optimized to completely stop the relative motion between the
two wave packets, then the analysis following the phase space description in
section 4.7 implies that the fluctuations in the final fringe correspond exactly
to fluctuations in the phase, momentum, and position of the wave packets
just after the splitting pulse. The phase fluctuations δφ are due to the uncer-
tainty in the absolute magnetic field at the wave-packets center during the
splitting pulse, and the momentum fluctuations ~δk are due to fluctuations
of the gradient strength during splitting, while position fluctuations δz are
mainly due to fluctuations in the initial wave packet position. Position fluc-
tuations due to splitting momentum fluctuations are negligible for a short
splitting pulse (as in the experiment) and an optimized stopping pulse so
we neglect position fluctuations. Assuming a Gaussian wave packet shape
|ψ0(z)| ∝ exp[−z2/2σ2

z ] and Gaussian distribution of the random variables,
we obtain a visibility (see derivation below in section 4.10, Eq. (4.55))

V =
exp

[
−1

2
〈δφ2〉

1+σ2
z〈δk2〉

]

√
1 + σ2

z〈δk2〉
. (4.11)

Note that this expression corresponds to a definition of the visibility as the
relative amplitude of the Fourier component of the fringe pattern that os-
cillates in space with a certain periodicity due to the momentum difference
between ψ1 and ψ2. Fluctuations of the momentum between the two wave
packets correspond to different periodicities of single fringe patterns such
that the oscillation amplitude (local contrast) of the multi-shot fringe pat-
tern varies along the pattern. The expression in Eq. (4.11) is based on a
Fourier transform of the pattern, taking into account this variation of the
oscillation amplitude. In the case of our experiment we believe that the cen-
tral phase and the momentum fluctuations are correlated since they are both
due to current fluctuations in the wire. The ratio between phase fluctuations
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and momentum fluctuations is δφ/δk = z0, where z0 is the distance of the
wave packet center during the splitting from the center of the quadrupole,
where the magnetic field of the pulse is zero. If δk and δφ are not correlated
then the denominator inside the exponent becomes 1 and the expression for
the visibility can be factored into an exponential term exp(−〈δφ2〉/2) due to
phase fluctuations and a term (1 + σ2

z〈δk2〉)−1/2 due to momentum fluctua-
tions. Note also that if the visibility is defined as the contrast of the fringes at
the center of the fringe pattern such that the variation of the contrast along
the pattern is neglected, then the visibility is restricted to the exponential
term which is generated by the phase fluctuations at the center.

The expression for the correlated phase and momentum fluctuations in
Eq. (4.11) implies that when σ2

zδk
2 � 1 the visibility is determined by δφ2.

However, when σ2
zδk

2 > 1 the visibility drops like ∼ 1/
√

1 + δk2σ2
z .

For generating the analytic curves in Fig. 4.3 we express the visibility
in terms of the relative current fluctuations η ≡ δI/I (or, equivalently, the
relative timing fluctuations η ≡ δT/T ). The relative final momentum fluctu-
ations δk/k are equal to η, so that δk = ηκT , where κ = ∂k/∂T is the final
momentum per kick time in for the parameters used in our half-loop SGI
(current and distance from the chip). For a given distance z0 from the center
of the quadrupole, since the phase difference due to the splitting pulse is pro-
portional to the momentum kick φ(z0) = z0δk, we get δφ = κz0ηT . It then

follows that the visibility is V (T ) = exp
[
−1

2

η2κ2z20T
2

1+σ2
zκ

2η2T 2

]
/
√

1 + σ2
zκ

2η2T 2.

One can identify two extreme cases: in the first the atoms are close to the
center of the quadrupole field responsible for the splitting, and consequently
do not suffer from large phase fluctuations as the magnitude of the magnetic
field is small. They do however suffer from momentum fluctuations δk. In the
second, the atoms are far from the center of the quadrupole and consequently
the phase noise is the main source of randomness.

4.6.3 Numerical model for BEC wave-packet propaga-
tion

Here we describe the numerical model that was used for calculating the
theoretical values for the visibility (numerical wave packet propagation) in
Figs. 4.3, 4.4 and some other results given in this chapter. These calculations
use a wave-packet propagation model in which the center-of-mass coordinates
of the two wave packets are calculated by solving the Newton’s equations of
motion under the influence of gravitational acceleration and the magnetic
force (magnetic potential gradient) FmF (r, t) = −mFgFµB∇|B(r, t)|, where
µB is the Bohr magneton and gF is the Landé factor. The magnetic field
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B(r, t) is obtained by using the Biot-Savart law from a simulation of the cur-
rents in the chip wires and the external bias field. In addition, the size of the
wave packets and their quadratic phase are calculated by using a Thomas-
Fermi dynamical model for a wave packet evolution in a time-dependent har-
monic potential [99]. We take the instantaneous harmonic frequency at the
location of the center of each wave packet to be given by ω2

j (t) = 1
m
∂Fj/∂xj

for the three cartesian coordinates xj = (x, y, z). This provides an estimation
of the expansion or focusing of the BEC wave packets. The center-of-mass
phase of each wave packet is given by the action

φ(t) = S(t)/~ =
1

~

∫ t

0

dt′[P(t)2/2m− Vm(r(t), t)]. (4.12)

This phase together with the linear and quadratic phase along the wave
packets determines the relative phase of the spatial fringe patterns in the half-
loop experiment. For simulating the multi-shot visibility due to instability
of parameters such as the current in the wires (proportional to the magnetic
field during the gradient pulse) and instability of the duration of the pulses,
we take a Gaussian distribution of such shot-to-shot fluctuations and sum
up many fringe patterns calculated from evolution under the influence of
the fluctuating parameters and obtain the multi-shot visibility for the given
distribution.

The visibility in the full-loop configuration (Fig. 4.4) is calculated directly
by taking the overlap integral between the two approximate forms of the wave
packets after evolution under the influence of the gradient pulses with the
given parameters. Each of the wave packet has a scaled Thomas-Fermi shape.

Note that the wave-packet propagation model allows a fast calculation of
the dynamics in the three-dimensional space. It is then possible to investigate
the expected effects of distortions or tilts of the system beyond the one-
dimensional approximation of propagation along the z axis. This allowed us
to check hypotheses about the source of the reduced visibility in the full-loop
SGI experiment (see section 4.4).

Fig. 4.25 shows the results of the calculation of the distance between the
wave packets and their width (standard deviation) as a function of time for
the experimental data point with splitting time T1 = 10µs in Fig. 4.3 (half-
loop SGI). The wave packets (having approximately the same widths) start
to expand at the initial time (0.92 ms) after trap release and before the first
magnetic gradient pulse. Then the magnetic pulses create a curved potential
which causes the focusing of the wave packets, leading to a minimal wave-
packet size at a time Td after the end of the stopping pulse (of duration T2)
(see also analytical expressions for the dynamics in section 4.7). The sim-
ulation shown in the figure is based on a Thomas-Fermi approximation [99]
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Figure 4.25: Wave packets (WP) relative distance (solid line) and size (stan-

dard deviation σz =
√∫

dz (z − 〈z〉)2|ψ(z, t)|2, dashed line) along the z direc-

tion as a function of time for the data point at T1 = 10µs of the high visibility
data of Fig. 4.3 (see table 4.1 for parameters). WP distances and widths along
the x and y directions are also calculated but not shown. The size near the
focus point (t ≈ 0.39 ms) is much smaller than expected because the cal-
culation based on Ref. [99] neglects the kinetic term in the Gross-Pitaevskii
equation, which is responsible for the minimum WP size.

and neglects the kinetic term whose dynamics are important when the wave
packet size is minimal, so the wave packets size near the maximally focused
point is imperfectly reproduced by this calculation. See Eq. (4.20) below for
an analytic approximation of the minimal size. The wave packet sizes and
location along the x and y directions are also calculated but not shown in
the figure. The sizes along the x and y directions are much larger than the
size along the z direction since the focusing effect occurs only along the z
direction.

Note that the above dynamic Thomas-Fermi based approximation does
not take into account the repulsive interaction between wave packets that
start to separate but still overlap, i.e., it includes only the effect of an atomic
distribution having a Thomas-Fermi shape. In order to verify that this
does not reproduce qualitatively different results compared to a full Gross-
Pitaevskii calculation taking into account all the repulsive interactions within
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and between wave packets, we have performed a few calculations with a full
solution of the Gross-Pitaevskii equations in either one- or three-dimensions.
The results are very similar to those of the approximated method so we are
confident that for non-extreme cases as in this work we can use our approxi-
mation, which provides a much faster method that can allow calculations of
stability and precision in a reasonably short time.

4.7 Phase space description of the Stern-Gerlach

interferometer

In order to gain a qualitative and quantitative understanding of the interfero-
metric sequence in our experiment (specifically the half-loop SGI), we use the
position-momentum phase space description in the Wigner representation,
which is completely equivalent to the Schrödinger picture. This description
allows us to derive some quantitative estimations of the wave-packet width
and separation during certain parts of the sequence, as we show below. Our
phase space description of the atomic dynamics is motivated by our previ-
ous work [100]. See also a recent theoretical treatment of the Stern-Gerlach
experiment with phase space methods in Ref. [101].

The phase space dynamics in the full-loop SGI and the half-loop SGI is
demonstrated in Figs. 4.26 and 4.27, respectively. For the full-loop config-
uration the scalar Wigner function representation is allowed by projecting
the wave function ψ+|+〉 + ψ−|−〉, which is an entangled spin-path, into an
eigenstate of the spin operator Ŝx, giving rise to an equal superposition of
ψ+ and ψ− corresponding to the two spin states. In the half-loop configu-
ration the wave-function is manipulated to be a superposition of two wave
packets with the same spin just after the splitting stage, such that the scalar
Wigner function representation is appropriate without further projection. In
what follows we provide a mathematical description of the dynamics in the
half-loop configuration and provide some mathematical expressions for the
expected wave packet positions and sizes.

We start by defining a phase space rotation represented by the rotation
matrix

R(ω, t) =

(
cosωt sinωt

mω

−mω sinωt cosωt

)
. (4.13)

This rotation describes the time evolution of the phase space variables

(
z

p

)

in the presence of a harmonic potential with angular frequency ω. In the limit
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Figure 4.26: Full-loop SGI scheme in phase space (scalar Wigner function
representation obtained by projection into a spin eigenstate of Ŝx, red – pos-
itive and blue – negative). The initial single wave packet (centered at p = 0
and z = 0, not shown) is split into two momentum components (a), giving
rise to a spatial interference fringe pattern (upon projection onto the posi-
tion axis, shown at the bottom). Such spatial interference is made possible
in reality if the two wave packets are manipulated to have the same spin (ef-
fectively undoing the entanglement between path and spin), as done in our
half-loop experiment just after splitting. Red arrows correspond to actions
driven by the magnetic field giving rise to the observed wave packet position,
whereas black arrows correspond to evolution due to free propagation which
follows the present wave packet position in the plot and giving rise to the
next plot. (b) After some free propagation, the wave packets separate. (c)
The momentum of each wave packet is inverted (effectively as done by the
inverted current pulses in our full-loop experiment) and the two wave pack-
ets propagate back to the original position. (d) After some propagation the
wave packets again overlap in space. If the two momentum states are in the
same internal atomic state, spatial fringes are again visible. If the two wave
packets have a different internal state and a stopping pulse overlaps them
also in momentum space (as in our full-loop SGI experiment) then the final
internal state depends on the phase accumulated during the process and the
fringes are in spin space. The phase space fringes in (d) are due to a 180◦

rotation of the fringes in (a).
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Figure 4.27: Half-loop SGI phase space dynamics (arrows and color code
as in Fig. 4.26). We start with the state presented in Fig. 4.26(b) (with the
two wave packets having the same spin) but, different from Fig. 4.26(c), the
momentum is not inverted but rather brought to zero. (a) The two wave
packets after they have been brought to a halt by a stopping pulse. The
change of direction of the long axis of the wave packets is due to the curvature
of the magnetic field. (b) after free evolution for a time equal to the initial
propagation time [between Fig. 4.26(a) and Fig. 4.26(b)], the wave packets
are now focused so that they have a minimal width in real space. (c) further
free propagation (TOF) now rotates the phase space image so that spatial
fringes become visible (upon projection onto the spatial axis, shown at the
bottom). This is our signal.

ω → 0 this rotation describes free space propagation

R(0, t) ≡ lim
ω→0
R(ω, t) =

(
1 t/m

0 1

)
. (4.14)

The interferometric scheme starts with two wave packets having the same
spatial shape but two different spin states, which we assume here to be
opposite spins for simplicity. A splitting pulse of duration T1 splits the two
wave packets into two momenta ±~k/2. After this momentum kick the two
wave-packet centers move to a distance ±~kT1/4m from the initial position.
We set the time to be t = 0 at the middle of the pulse, such that if we
reverse the velocity of the wave packets at the end of the pulse and project
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their position back by free propagation into t = 0 they would be at the initial
point Z = 0 and having momentum P = ±~k/2. This will be the starting
point of our scheme.

After a time Td of free propagation we apply a stopping pulse of duration
T2. In the full-loop SGI this stopping pulse may be given by a homogeneous
gradient in a direction opposite to the initial splitting pulse, which will bring
back the two wave packet into a relative stop. However, in our scheme we
continue the interferometric sequence with the two wave packets in the same
spin state and apply a harmonic potential of frequency ω and duration T2 to
stop the relative motion (Fig. 4.2a). As we see below, this pulse also serves
to focus the wave packets into a minimal wave packet size. After this pulse
the center coordinates become

(
Z(Td + T2)

P (Td + T2)

)
= R(ω, T2)R(0, Td)

(
0

±~k/2

)

= ±~k
2

(
Td
m

cosωT2 + 1
mω

sinωT2

−ωTd sinωT2 + cosωT2

)
. (4.15)

The stopping pulse of length T2 is designed such that P (T2) = 0. In this case

sinωT2 =
1√

1 + ω2T 2
d

, cosωT2 =
ωTd√

1 + ω2T 2
d

. (4.16)

Note that the condition for stopping ωTd tanωT2 = 1 does not depend on
the initial momentum kick so that momentum fluctuations are not expected
to affect the velocity of the two wave packets after stopping and hence the
final position of the interference fringes in our experiment. As we show below
fluctuations in the initial momentum kick are expected to affect the distance
between the wave packets after stopping and hence the periodicity of the
interference fringes measured in the experiment.

We now look at the state of the atoms after another free-propagation
time Td (Fig. 4.2b ). The combination of the three operations: propagation
for a time Td, harmonic stopping pulse for a time T2 satisfying Eq. (4.16) and
another propagation time Td transforms a general phase space coordinate as

R(0, Td)R(ω, T2)R(0, Td)

(
z

p

)
=

(
ξ
mω
p

−mω
ξ
z

)
. (4.17)

This sequence leads to a complete rotation of phase space by 90◦, while
scaling the phase space coordinates by the squeezing factor

ξ =
√

1 + ω2T 2
d . (4.18)
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At this time the spatial distribution consists of two wave packets at z = ±d/2,
where

d =
ξ

mω
~k, (4.19)

and where in the limit of fast stopping relative to the propagation time
ωTd � 1 the distance is d → ~kTd/m. If the initial wave packet at t = 0
is a minimal uncertainty state where the initial position and momentum
uncertainties satisfy σz,0σp,0 = ~, then the distribution corresponding to each
of the two wave packets at time T = 2Td + T2 has a minimal spatial width

σmin =
ξ

mω
σp,0 =

~ξ
mωσz,0

. (4.20)

In the limit ωTd � 1 this becomes σmin = ~Td/mσz,0. Note that if
the initial momentum kick is large enough to fully separate the two wave
packets, namely, ~k � σp,0, then after the full stopping at time t = 2Td + T2

the distance between the two wave packets is much larger than their size
d/σmin = ~k/σp,0 � 1.

After stopping the relative motion between the two wave packets we allow
them to expand in free space for a long time t until they overlap and form a
spatial interference pattern at a large scale [Fig. 4.27 (c))], which is equivalent
to applying R(0, t) for t� mσ2

min/~, we obtain a spatial fringe pattern with
fringe periodicity

λ =
2π~t
md

(4.21)

and an overall Gaussian envelope width of

σz,f = ~t/mσmin = σz,0tω/ξ. (4.22)

The number of observed fringes is then given by nfringes ≈ 2σz,f/λ = kσz,0/π,
namely, the same number of fringes of the initial microscopic fringe pattern
formed just after the momentum kick of the beam splitter.

4.8 A Generalized Humpty-Dumpty (HD) the-

ory for an SGI

In this section we derive the expected visibility (spin-coherence) of a full-loop
SGI of the type implemented in this work, using a generalized version of a
theory by Englert, Scully, and Schwinger(ESS)[55]. We first derive a general
equation for a general input state. Then we obtain a modified expression for
the visibility in a full-loop SGI where the final state is not designed to be
exactly similar to the initial state.
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4.8.1 Interference visibility for a general initial state

Here we introduce the theoretical basis for the analysis of interference visi-
bility in the context of our SGI. We consider an SGI whose input is a cloud
of two-level atoms in a given eigenstate of the spin. The initial spatial state
is characterized by a single-particle density matrix of the spatial degrees of
freedom that can be described as a statistical mixture of wave-function out
of an orthogonal set,

ρ(r, r′) =
∑

j

Pjψj(r)ψ∗j (r
′), (4.23)

where ψj(r) are spatial wave functions of the atom and Pj are the probabil-
ities for an atom to occupy these wave functions.

The interferometric sequence consists of a π/2 pulse creating a super-
position of the two spin states 1√

2
(|+〉 + |−〉), a magnetic field gradient for

splitting, additional gradients for reversing the motion and for stopping and
a final π/2 pulse for mixing the spin population. These operations are rep-
resented by the following unitary operator,

Û(tf , 0) = e−iŜyπ/2~(U+|+〉〈+|+ U−|−〉〈−|)e−iŜyπ/2~, (4.24)

where the first and the last term of the r.h.s. are the initial and the final π/2
pulses (Ŝy = − i~

2
(|+〉〈−| − |−〉〈+|)) and U± represent the spatial evolution

of the two spin states (with and without the gradient fields). The population
difference at the output of the interferometer is then measured. This is
represented by the expectation value of the operator Ŝz = ~

2
(|+〉〈+|−|−〉〈−|),

〈Ŝz〉f = 〈Û †(tf , 0)ŜzÛ(tf , 0)〉0
=

1

2
〈[(U †+〈+|Ŝx|−〉U− + U †−〈−|Ŝx|+〉U+]〉0 =

~
4
〈U †+U−〉0 + c.c.,(4.25)

where we have used eiŜyπ/2~Ŝze
−iŜyπ/2~ = Ŝx and 〈±|e−iŜyπ/2~|±〉 = 〈±|e−iŜyπ/2~|∓〉 =

1/
√

2, assuming that the initial state is a spin |+〉.
The visibility of the interferometric signal is given by the maximal pop-

ulation difference when the phase between the two arms is set to zero. At
this point we expect that the visibility would be unity if the operations on
the two spin states during the sequence lead to exactly the same final state
at tf , namely U+ = U−. However, due to inaccuracies the operations are
not the same and may lead to different results for different initial states. In
general, the visibility is given by an integral over the density matrix after the
evolution,

V =
2

~
〈Ŝx〉max

t =
∣∣∣Tr{ρU †+U−}

∣∣∣ =

∣∣∣∣
∫
d3r ρ−+(r, r, t)

∣∣∣∣ , (4.26)
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where
ρ−+(r, r, t) =

∑

j

Pjψj−(r, t)ψ∗j+(r, t), (4.27)

with ψj± = U±ψj. For an initial pure state where only one Pj is unity while
the others are zero, the visibility is the overlap integral of the two wave
packets when the mutual phase is set to zero (here we assumed that U †+U−
differs from U †−U+ just by a global phase factor). If instead of recombining
the spin state at a specific time t0 we let the two wave packets propagate with
a Hamiltonian Ĥ0 that does not depend on spin and recombine them at time
t then the visibility would not change, as for a spin-independent evolution
operator U(t, t0) = e−iĤ0t/~ we have

V (t) = Tr{U(t, t0)ρ−+(t0)U †(t0, t)} = Tr{ρ−+(t0)U †(t, t0)U(t, t0)} = Tr{ρ−+(t0)} = V (t0).
(4.28)

This implies that after the sequence of gradient pulses it does not matter
when the final π/2 pulse is performed so that the final state of the atoms
at the output of the interferometer does not need to be similar to the initial
state. In what follows we derive a more specific expression for the over-
lap integral as a function of the final wave-packet parameters, regardless of
whether the state at the output is a minimal uncertainty state or whether
it is similar to the initial state. Before that, we will re-derive the original
expression of the HD theory.

4.8.2 The HD theory and its application to the calcu-
lation of the visibility

In Ref.[55] ESS assumed a specific situation in which the accurate SGI com-
pletes a full reversal of the initial state at the output port or at least brings
the two wave packets into a state that is exactly the same as the initial state
in a specific frame of reference. Imperfections are assumed to give rise to
relative momentum shifts ∆p and/or position shifts ∆r of the final wave
packets at the time t = tf , such that

U †+U− = ei(∆r·p̂+∆p·̂r)/~. (4.29)

Then it follows that the population difference at zero phase (the visibility)
is given by

V =
2

~
〈Ŝz〉max

f = 〈ei(∆p·̂r+p̂·∆r)/~〉0

=

∫
d3r ρ(r, r−∆r)e−i∆p·r/~ =

∫
d3pρ(p,p−∆p)eip·∆r/~.(4.30)
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We first consider the case of a pure momentum shift (∆r = 0). In this
case the visibility is proportional to the Fourier transform of the density
ρ(r) = ρ(r, r). If the density along the axis of the momentum shift (say, along
ẑ) is a Gaussian with a standard deviation σz then the visibility becomes

VG(∆pz) = e−
1
2
σ2
z∆p2z/~2 . (4.31)

In the case where the initial state is a minimal uncertainty Gaussian state
where σzσp = ~/2 we have VG = exp[−1

2
(∆p/2σp)

2], which is an expression
similar to that of Ref. [55], where the momentum separation was defined as
half the momentum separation in this derivation, and hence the factor 2
difference in the exponent.

If the initial distribution is a parabolic Thomas-Fermi distribution of a

BEC ρ(r) ∝ max
{

1−∑j=x,y,z r
2
j/r

2
j,max, 0

}
then the visibility is

VTF (∆pz) =
15

ξ5
(3 sin ξ − ξ2 sin ξ − 3ξ cos ξ). (4.32)

where ξ = ∆pzzmax/~. This function can be fairly well approximated by
VTF ≈ e−∆p2zZ

2
max/12~. This corresponds to a gaussian approximation for the

spatial size σTFz ≈ 0.41zmax. If the BEC wave packet was considered as
a minimal uncertainty wave packet in its Gaussian approximation then we
would use the momentum width δpz ≈ 0.41~/2zmax. However, note that a
Thomas-Fermi spatial distribution is not a minimal uncertainty state so that
the real width of the momentum distribution of this state is larger than ~/2σz.
In addition, if the BEC is allowed to expand in free space then the atom-
atom repulsion would increase the width of the momentum distribution after
expansion, while the overlap integral between two BEC wave packets with
different momenta does not change. It follows that the relevant momentum
distribution for the HD formula remains ~/2σz although the real momentum
distribution has a larger size.

In the other case where only a position shift ∆z is involved, the visibility
according to Eq. (4.30) is a Fourier transform of the momentum distribution
ρ(p) = ρ(p,p). For a Gaussian momentum distribution we obtain a result
similar to the result for the visibility of a Gaussian position distribution

VG(∆z) = e−
1
2
σ2
p∆z2/~2 . (4.33)

For a Thomas-Fermi distribution we obtain numerically a visibility that drops
like

VTF (∆z) = e−∆z2/2σ2
TF , (4.34)

where σTF = 0.6249 zmax, unlike the case of the momentum mismatch.
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Note that in Eq. (4.30) ρ(r, r′) and ρ(p,p′) are the position and mo-
mentum representations, respectively, of the initial density matrix, which is
assumed to be the density matrix of the final state in the case of a completely
accurate operation. In general, while the visibility or spin-coherence in the
SGI does not depend on the time where the final π/2 pulse is applied, the
expectation value of the operator ei(p̂·∆r+r·∆p)/~ does depend on time even in
the case of propagation in free space represented by an operator Û0 = e−iĤt/~,
as Û †0e

i(p·∆r+r·∆p)/~Û0 = ei(p·(∆r+∆pt/m)+r·∆p)/~. At long enough time even a
slight momentum difference would shift the final distance between the two
wave packets by a distance that is larger than the their initial width, giv-
ing rise to zero coherence according to Eq. (4.30). This result is wrong. As
we show below the distance ∆r should be taken at the time where the two
wave packets are at their minimimal width rather than at the time of the
measurement.

4.8.3 The generalized HD theory

As noted above, the ESS theory has used a simplifying assumption that
the final form of the wave packets at the output of the SGI is close to the
initial state, which is a minimal uncertainty state or a mixture of minimal
uncertainty states. It has also assumed that the main effect of inaccuracy is
either a position shift or a momentum shift of the wave packets with respect
to each other. Here we provide an analytic expression for the overlap integral
of more general wave packets, which is consistent with the requirement that
the overlap integral does not change in time if the evolution of the two wave
packets is spin-independent.

In the more general case we assume a time-dependent form of the wave
packets which describes an evolution of the wave packets in free space or
in a potential with a quadratic dependence. This form is consistent with
a Gaussian wave-packet evolution or with an evolution of a BEC in the
approximation used by Castin and Dum [99] and applied in our work for the
numerical analysis (see section 4.6 of this file). For simplicity we use here a
one-dimensional model and assume that the wave packets completely overlap
along the other dimensions. We start from the following form

ψi(z, t) =
1√
λi
ψ0

(
z − Zi
λi

)
eiPi(z−Zi)/~e

im
2~

λ̇i
λi

(z−Zi)2 (4.35)

where Zi(t), Pi(t) are the central position and momentum coordinates of the
two wave packets (i = 1, 2), respectively, and λi(t) are scaling factors due
to expansion or focusing. Here ψ0(z) is the initial wave-function, which is
assumed to have a flat phase. The form of the wave function in Eq. (4.35) is
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a good approximation for the solution of the Schrödinger equation for each
wave packet if the sequence includes time-dependent potential gradients with
a linear or quadratic spatial dependence over the volume occupied by the
atoms. Note that the same equation is an exact solution for the evolution of
a Gaussian wave packet in free-space or under the influence of time dependent
quadratic potentials.

Let us first take ψ0 to be a Gaussian of an initial width σz. In this case
the overlap integral between the two wave packets becomes

∫
dz ψ∗1(z, t)ψ2(z, t) =

1√
2πσ2

zλ1λ2

e−η∆z2/4eiφ
∫
dz e−ηz

2−i(∆P/~−ξ∆z)z,

(4.36)
where ∆P = P1−P2, ∆z = Z1−Z2, and φ is a phase which is not important
here. The parameters η and ξ are

η =
1

4σ2
z

(
1

λ2
1

+
1

λ2
2

)
+ i

m

2~

(
λ̇1

λ1

− λ̇2

λ2

)
, (4.37)

ξ =
m

2~

(
λ̇1

λ1

+
λ̇2

λ2

)
+ i

1

4σ2
z

(
1

λ2
1

− 1

λ2
2

)
. (4.38)

By performing the integral and taking the absolute value we obtain

V =

√
2λ1λ2

λ2
1 + λ2

2

∣∣∣∣exp

[
−(∆P/~− ξ∆z)2

4η
− η∆z2

4

]∣∣∣∣ (4.39)

In general, the argument of the exponential is complex. However, if no
differential quadratic potentials are applied during the sequence then λ1 =
λ2 = λ and the wave packet size σ(t) = σzλ(t) is the same for both . The
parameters η(t) = 1/2σ(t)2 and ξ(t) = mσ̇(t)/~σ(t) are then real and equal
for both wave packets. We will now examine this simpler case.

Given a pair of wave-packets with the same size σ(t) = λσz and expansion
rate λ̇ at a given time, we may assume that these two wave-packets evolve
in free space. In this case the growth of the wave-packet size is given by

σ(t) = σ0

√
1 + ω2t2, (4.40)

where t is the duration of time since the wave-packets were at their minimal
size σ0 with a flat phase (if σ̇ > 0, expansion) or the duration of time that
it will take the wave-packets to reach their minimal size (if σ̇ < 0, focusing).
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In this case σ0 =
√
~/2mω and therefore ξ = ωt/2σ2. We therefore obtain

the visibility

V = exp

[
−σ

2

2
(∆P/~−0 ωt∆z/2σ

2)2 − ∆z2

8σ2

]
, (4.41)

where the argument of the exponent is explicitly time-dependent through
t and σ = σ(t). If we now use ∆z = ∆z0 + ∆Pt/m, where ∆z0 is the
wave-packet separation at minimum wave-packet size, then we obtain

V = e−σ
2
0∆P 2/2~2e−∆z20/8σ

2
0 . (4.42)

We have obtained exactly the original HD formula with the values of σz and
∆z projected back (or forward) to the point where the two wave-packets are
at their minimum size. The procedure for calculating the overlap integral
for wave-packets with the same size and phase curvature is then as follows:
if we know the current Gaussian size σ of the wave-packet and its phase
curvature ξ = (mσ̇/~σ then we can calculate the wave-packet parameters at
the minimum wave-packet size. These are given by

σ0 =
σ√

1 + 4ξ2σ4
(4.43)

t =
4m

~
σ4ξ

1 + 4σ4ξ2
(4.44)

∆z0 = ∆z − t

m
∆P (4.45)

Once the parameters σ0 and ∆z0 are found, Eq. (4.42) can be used for cal-
culating the overlap integral. The overlap integral is exact for a Gaussian
wave-packet and approximate for a BEC wave-packet of a Thomas-Fermi
shape that can be approximated by a Gaussian.

In order to estimate the expected visibility drop due to imperfections in
our interferometric sequence we use the expression in Eq. (4.42), which is
similar to the original HD expression except that it uses projected values
for the wave packet size and the position shift ∆z. We estimate that in
most of the experimental situations the final position shift ∆z is negligible
so that the main source of visibility reduction may be the momentum shift
∆P . In our experiment we estimate that relative timing imprecision ∆T/T
and current imperfections ∆I/I are of the order of 10−3. If follows that
momentum shifts can be minimized, upon a proper optimization procedure,
to the order of ∆P ∼ 10−3P . A typical value of the momentum in our
experiment is P = 2π~/1µm, so that ∆P/~ ∼ 2π · 10−3 µm−1.. The initial
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BEC Gaussian size σz is of the order of 1µm. It follows that the maximum
visibility is expected to be

[Vmax ∼ exp[−(2π · 10−3)2/2] ∼ 1− 2 · 10−5. (4.46)

Even if our optimal ∆P is larger by an order of magnitude from this estima-
tion we should still expect a negligible reduction of the visibility by less than
1%. In view of the result, this suggests that our experiment contains some
unknown source of imprecision that is yet to be discovered.

4.9 Time-irreversibility and the Stern-Gerlach

interferometer

The Stern-Gerlach interferometer (SGI) was used in previous theoretical
studies for demonstrating the irreversibility of quantum operations. In par-
ticular, the SGI apparatus was sssumed to have a symmetric structure such
that the splitting and stopping operations are reversed by the accelerating
and stopping at the second half of the sequence. Ideally the second half of
the SGI sequence is expected to bring the two wave packets into their orig-
inal spatial state where they overlap with each other at the initial position.
However, this goal of the reverse operations is not a necessary requirement
for spin-coherence. If the two wave-packets overlap at any position and with
any wave-packet size and wave-front full spin coherence is expected to be
achieved, as long as the overlap integral is 1, namely the two wave-packet
have the same spatial wave function which is not necessarily the original one.

Here we show that even if the structure of the SGI is not symmetric as
it was envisioned in the past, its coherence still reflects the quality of time
reversal in the system, which is determined by the precision and stability
of the quantum operations. Let us consider an initial spatial state repre-
sented by a wave packet ψ0(r) and a spin state that is an equal superposition

1√
2
(|+〉 + |−〉) of the two spin eigenstates |±〉. We may represent the ideal

operation of the SGI by |Ψfinal〉 = Ûideal(tf , 0)|Ψ0〉, where |Ψ0〉 is the initial
spin state superposition with the spatial wave function ψ0(r). The ideal SGI
evolution operator can be written as

Ûideal(t, 0) = UI+(t, 0)|+〉〈+|+ UI−(t, 0)|−〉〈−|, (4.47)

where UI± are the ideal evolution operators for the two spin states, that take
the two wave-packets in two separated paths and are supposed to return them
back to the exactly the same spatial state, namely UI+(tf , 0) = UI−(tf , 0) for
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the final time tf (but they are different for other times 0 < t < tf ). Here
we also implicitely assume that the SGI ideal operation is insensitive to the
initial state ψ0 as it brings the two wave packets into full overlap with each
other regardless of the initial state.

Now consider the real (non-ideal) operations Ũ+(tf , 0) and Ũ−(tf , 0) which
include the effects of imprecision or instability. The visibility of the spin
population signal at the end of the process is given by the overlap integral
of the two actual wave-functions ψ̃±(r, tf ) = Ũ±(tf , 0)ψ0(r). This overlap
integral can be written as

〈ψ̃+(tf )|ψ̃−(tf )〉 = 〈ψ0|Ũ+(tf , 0)†Ũ−(tf , 0)|ψ0〉 = 〈ψ0|Ũ †+UI+U †I−Ũ−|ψ0〉.
(4.48)

The last step is possible due to the equality of the ideal evolution operators,
such that UI+U

†
I− = UI+U

†
I+ = UI+U

−1
I+ = 1 for the final time tf .

It follows that the overlap integral, which determines the spin coherence
of the SGI of an arbitrary symmetry, is determined by the precision of the
actual SGI operations Ũ±(tf , 0) which is then reversed by the ideal operators
UI±(tf , 0)−1 = UI±(0, tf ). If each of the forward and then backward time
evolution operations lead to a wave function close enough to the original
wave-function ψ0,, i.e., if U−1

I+ Ũ+ ∼ 1 and U−1
I− Ũ− ∼ 1 then the sufficient

condition for high spin coherence is achieved. Note that this is not a necessary
condition as both operations may lead to a wave function that is different
than ψ0 but still overlapping between the two spin states. The necessary
condition for spin-coherence is in fact that there exist ideal unitary operations
UI+ and UI− which are close to the actual evolution operators at any time,
such that UI+(tf , 0) = UI−(tf , 0) at the final time tf .

4.10 Multi-shot visibility and its standard er-

ror

4.10.1 Multi-shot visibility for a Gaussian noise

Multi-shot visibility characterizes an interference pattern obtained by aver-
aging over many interference patterns resulting from possibly different stop-
ping distances d, relative velocities (imperfect stopping) and phases of the
two wave packets at different experimental shots. Suppose that a single in-
terference pattern is formed from a superposition of two wave packets ψj+(r)
and ψj−(r) corresponding to the two spin states during the splitting stage.
After the stopping these two wave packets represent two localized atomic
states separated by a distance d and after time-of-light (TOF) they repre-
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sent extended overlapping wave packets with a periodic phase difference. The
averaged interference pattern is then proportional to the sum,

N∑

j=1

[
||ψj+(r)|2 + |ψj−(r)|2 + ψ∗j+(r)ψj−(r) + ψ∗j−(r)ψj+(r)|

]
, (4.49)

where the visibility is the magnitude of the last two term (interference term)
relative to the first two terms. If the phase of the individual interference
patterns are distributed over some range δφ the sum gives rise to a visibility
that it reduced with respect to the visibility of the single shot patterns.
We take the wave packets to be normalized

∫
d3r |ψj±|2 = 1 and the state

in each shot to be an equal superposition of the two wave packets. If the
interference pattern in each shot has a large number of fringes (equivalent to
a large separation of the wave packets after stopping relative to the minimal
size) then we can separate the interference term from the two first terms
by performing a Fourier transform of the multi-shot pattern. The Fourier
transform at the wave-vector k = 2π/λ, where λ is the periodicity extracts
the interference term while the Fourier transform at k = 0 extracts the two
first terms. The ratio between these two Fourier transforms is the visibility,
which is then given by

VN =
1

N

∣∣∣∣∣
N∑

j=1

∫
dz e−iktzψ∗j+(z, t)ψj,−(z, t)

∣∣∣∣∣ , (4.50)

where t is the imaging time and kt is the mean wave-vector of the single
interference patterns. Here we ignored the transverse coordinates x and y
and assumed a meaningful dependence of the wave-function only along the
z direction.

Let us now assume that the main source of fluctuations in our system is
current variations during the splitting pulse (of duration T1). As we have
shown in section 4.7 if the stopping pulse is perfect then in the long time-of-
flight limit the interfering wave packets have the scaled form as the initial
wave packets after splitting, projected backward to the time t = 0 at the
middle of the splitting pulse. In our case where the atoms move very little
during the pulse this time may be taken as the time just after the pulse. At
this time the spatial shape of the two wave packets is almost the same while
phase difference between them at the j’th shot is

∆φj(z) =
∆mFgF

~

∫
dtBj(z, t) ≈ kj(z − z0) + δφj, (4.51)

where ~kj = ∆FjT1 is the differential momentum applied by the splitting
pulse at the experimental shot j (∆Fj = ∆mFgFµB(∂Bj/∂z)z=z0 being the
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differential force applied during the splitting on the atoms of spins differing
by ∆mF ). Here z0 is the position of the center of the quadrupole field, where
the field from the splitting pulse is zero, and δφj = ∆mFgFµBB0T0/~ is the
phase from the homogeneous bias field B0, which accumulates during a time
T0 > T1 when the atoms occupy different spin states and may differ from
shot to shot.

Taking initial shape of the wave packets to be Gaussian, the form of the
wave packets just after the projected time t = 0+ becomes

ψj,±(z, 0+) = ψ0(z − zj)eiφj,±(z) ∝ e−(z−zj)2/4σ2

eiφj,±(z), (4.52)

where zj is the initial center position of the wave packet in the experimental
cycle j, which is assumed to have a random distribution of variance 〈δz2〉,
which is uncorrelated with the phase or momentum fluctuations. These phase
and momentum shifts are contained in the phase terms φj,±, whose difference
φj,+ − φj,− = ∆φj is given in Eq. (4.51).

We assume that the many experimental shots represent a Gaussian dis-
tribution of the momentum and phase fluctuating parameters kj and δφj.
For a Gaussian distribution of phase φ we use the identity

〈eiφ〉 = ei〈φ〉e−〈δφ
2〉/2, (4.53)

where δφ = φ− 〈φ〉. We then obtain in the limit N →∞
1

N

∑

j

ψ∗j+(z)ψj−(z)→ Gσ̄(z − z̄)ei〈∆φ〉e−〈δk
2〉(z−z0)2/2e−〈δφ

2〉/2, (4.54)

where Gσ̄(z − z̄) = 〈|ψ0(z − zj)|2〉 is a Gaussian with extended width σ̄ =√
σ2 + 〈δz2

j 〉 centered around the average initial position z̄ = 〈zj〉, which

represents the normalized sum over many Gaussian envelopes each having a
width σ. This implies that the contribution of current fluctuations leading to
momentum fluctuations grows for wave packet parts that are initially located
further away from the quadrupole center, giving rise to a chirped visibility
pattern.

In order to obtain the overall visibility defined in Eq. (4.50) we Fourier
transform Eq. (4.54) and find

VN→∞ =
1√

1 + σ̄2〈δk2〉
e−〈δφ

2〉/2 exp

[
−1

2

(z̄ − z0)2〈δk2〉
1 + σ̄2〈δk2〉

]
(4.55)

In Fig. 4.3 we have used this equation as the basis for the calculation
of the solid theoretical curves. We neglect the fluctuations of the bias field
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(δφ = 0) and assume that the momentum fluctuations are caused by current
fluctuations in the chip wires. The momentum uncertainty is then

δkrms =
µB
2~

∂B

∂z

∣∣∣∣
z=z̄

T1
δIrms

I
= 〈k〉ε, (4.56)

where ε = δIrms/I is the relative current fluctuation. In our case we obtain
〈k〉/T1 = 0.86 (µmµs)−1, while |z̄ − z0| ≈ 5µm.

4.10.2 Standard error of multi-shot visibility

Let us now consider the uncertainty δVN which is the standard error of the
multi-shot visibility VN due to the finite numberN in a sample. For simplicity
we consider only global phase fluctuations, such that the multi-shot visibility
is

VN =
1

N

∣∣∣∣∣
N∑

j=1

eiφj

∣∣∣∣∣ ≡
1

N
|SN | . (4.57)

We have V 2
N = N−2[(ReSN)2 + (ImSN)2], which has the explicit form

1

N2
[ReSN ]2 =

1

4N2

∑

j,k

[ei(φj+φk) + ei(φj−φk) + c.c.] (4.58)

1

N2
[ImSN ]2 =

1

4N2

∑

j,k

[−ei(φj+φk) + ei(φj−φk) + c.c.]. (4.59)

By summing over the real part and imaginary part and separating the sum∑
j e

i(φj−φk) into the case j = k and j 6= k we obtain

V 2
N =

1

N

[
1 +

1

2N

∑

j 6=k
(ei(φj−φk) + c.c.)

]
. (4.60)

By taking an average over ensembles with Gaussian distribution of the phases
and using Eq. (4.53), the average over each of the N(N−1) terms in the sum
over j 6= k becomes e−〈δφ

2〉2 = 〈VN〉2 and we have

〈V 2
N〉 − 〈VN〉2 =

1

N
(1− 〈VN〉2). (4.61)

When the distribution of phases is narrow and 〈VN〉 ∼ 1 the standard error of
the multi-shot visibility is small, but when the visibility is small the standard
error goes to the limit δVN ∼ 1/

√
N .
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4.11 Dephasing due to electrons

Let’s begin by calculating how a single atom interacts with a single electron.
The electron produces a current in the atom-chip wire, and the atom is in a
superposition of spin states: its magnetic moment is either pointing towards
the electron or away from it. Let |e〉 be the initial state of the electron, and
[|A+〉+ |A−〉] /

√
2 the initial state of the atom, before they interact and

entangle. When the interaction between the atom and electron turns on, it
entangles them and their state is

|Ψ〉 = [|e−〉|A+〉+ |e+〉|A−〉] /
√

2, (4.62)

where the combinations |e−〉|A+〉 and |e+〉|A−〉 remind us that if the atom
gains momentum then the electron looses momentum (along the same axis)
and vice versa. But while the states |A+〉 and |A−〉 are orthogonal atom spin
states, |e+〉 and |e−〉 are not necessarily orthogonal. The absolute value of
their inner product |〈e − |e+〉| could range from 0 to 1 depending on the
strength of the entangling interaction.

To get the interference pattern, we have to calculate the absolute value
squared of |Ψ〉. The bra-ket notation is not especially convenient, but we
know that the result is that the interference pattern of the atom will be
multiplied by |〈e−|e+〉|, which can equal 1 (the electron carries away no
information about the atom superposition and does not affect its visibility)
or can be less than 1 (in which case the visibility cannot be 1, regardless of
relative clock times, etc.). Let’s assume that the atom has picked up (lost)
momentum pz, in which case the electron has lost (picked up) momentum
pz. Taking 20 T/m for the gradient, 10−23 J/T for the Bohr magneton, and
gF = −1/2, we get 10−22 J/m for the force; and if the force lasts about 20
µs, then pz ≈ 2× 10−27 kg m/s.

The next step is to consider N atoms instead of one atom. These atoms
are initially in a product state [|A+〉+ |A−〉]⊗N 2−N/2. If we expand this
expression in a binomial expansion, the important terms are not those with
the largest magnetic moment (N times a single magnetic moment) but those
with the greatest degeneracy (

√
N times a single magnetic moment). Thus

the total momentum exchange Pz is not pz and not Npz but Pz ≈
√
Npz. If

N ≈ 104, then Pz ≈ 100pz ≈ 2 × 10−25 kg m/s. Now, if all this momentum
were transferred to a single electron, it would be a very serious effect, as
follows. The width of the wire in the z direction is 2 µm, thus ∆z ≤ 2µm.
Therefore ∆Pz ≥ ~/(2× 2 µm) ≈ 3× 10−29 kg · m/s, which is four orders of
magnitude smaller than Pz, so the effect of the momentum exchange should
be clearly visible. But the N atoms do not all couple to one electron. There
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are about 1014 electrons around, each with ∆z ≤ 2 µm, and the average mo-
mentum gain or loss of each electron is about 3×10−39 kg · m/s, undetectable
according to the uncertainty principle. This division by 1014 is probably not
justifiable, because most of the electrons are deep in the Fermi sea and don’t
absorb or lose any momentum. But taking the estimate that only about 1%
of the electrons are near the Fermi level and only these interact, we still get
1012 electrons and an average momentum gain or loss per electron of about
3 × 10−37 kg · m/s, still undetectable according to the uncertainty princi-
ple. Hence there is no dephasing of the atoms via the electrons, because
no measurement procedure on the electrons can reveal the spin state of the
atoms.

4.12 Comparison to the state-of-the-art (French

SG experiments)

For completeness, we compare our experiments to previous SG type inter-
ferometry experiments although these were significantly different [4, 82–91].
Baudon, Robert, and colleagues, have realized a series of elaborate SGI ex-
periments over a period of 15 years and, more recently, even applied the
SG effect to the study of twin-atom angular momentum coherence in the
photodissociation of H2 [102]. While their longitudinal beam interferome-
ter did observe interference fringes, this interferometer is very different from
the interferometers presented here. Most importantly, as explained in detail
in one of their papers [87], their experiment is not an analogue of the full-
loop configuration as only splitting and stopping operations were realized
(i.e., no recombination); namely, wave packets exit the interferometer with
the same separation as the maximal separation achieved within. Fig. 2 of
Ref. [87] shows the scheme of the beam experiment. As can be seen, only
a splitting and a stopping pulse are applied. This creates what the authors
call, a “beaded atom” [83]. We have not found anywhere in the many papers
published by this group (only some of which we referenced) evidence of four
operations being applied as required for a full-loop configuration, whether the
experiment was with longitudinal or transverse gradients. This also means
that these experiments could not probe imprecision as an origin of TI or the
HD effect.

Furthermore, also within the framework of the half-loop configuration,
there are many differences from our experiment. Mainly, the beam experi-
ments could not image high visibility spatial interference fringes, as presented
in Fig. 4.1. In fact, we believe that no spatial interference fringes were ob-
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served at all, and that the spatial modulation presented in [88, 89] is an
ensemble of many trajectories, each undergoing Ramsey interferometry, and
not a result of any coherent spatial splitting. Let us explain why. First we di-
vide the explanation into two scenarios: a longitudinal effect and a transverse
effect. The French group studied both effects.

Longitudinal effect: It is clear from their papers that no spatial fringes
have been observed in the longitudinal direction when the splitting was longi-
tudinal (i.e. along the propagation of the beam). In contrast, such longitudi-
nal spatial fringes are precisely what we observe in our experiment. Indeed,
this would have been an impossible task in the beam experiments taking
into account the beam velocity spread and the fact that the signal is a sum
of an enormous amount of wave packet pairs, situated at different positions
along the beam (and indeed there is no claim in the papers that longitudinal
spatial fringes were observed). Similarly, the beam experiments could not
verify the existence of two independent and separated wave packets, while in
our case we image them explicitly (see experimental sections of this SM). Let
us also mention that the achieved separation in the French work for seeing
any interference pattern (they used a spin population signal) was only a few
Angstrom [87] while in our experiment it is a few µm (they report inducing
much larger separations, but with no matter-wave interference pattern [85]).
More importantly, their separation is the same as the wave packet width (or
coherence length), while ours went up to 18 times the wave packet width.

Transverse effect: Reading the abstract of Ref. [89], one may be slightly
confused to think that a spatial interference pattern has been observed:
“When a static radial magnetic gradient is used, the beam profile is mod-
ulated by interference. The transverse pattern, which can be translated at
will by adding a homogeneous field, is observed for the first time using a
multi-channel electron multiplier followed by a phosphor screen and a CCD
camera.” Indeed, Figs. 12 and 13 in [89] show beautiful spatial modulations
of the signal in the plane perpendicular to the beam propagation axis. How-
ever, we believe these are not spatial interference fringes (i.e. originating from
a spatial splitting), and we find in the published studies no proof or clear
statement that they are.

What we believe is the dominant effect in producing the observed trans-
verse modulation is that the atomic beam gives rise to many parallel (with a
slight diverging angle) trajectories, each undergoing Ramsey interferometry.
The quadrupole field (in the plane transverse to the beam propagation, see
Fig. 9 of [89]) acts as a spatially varying “phase plate” which gives a different
internal phase to each of the Ramsey interferometers, thereby giving a differ-
ent spin population at the output of each interferometer. This modulation
of the spin output then appears as a spatial modulation in the plane perpen-
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dicular to the beam propagation axis. Indeed, Fig. 10 shows that a full-cycle
(2π) spin-population oscillation requires a change of 14 mA, corresponding
to 6.3 mG (the caption states 0.45 mG/mA). On the other hand, the caption
of Fig. 12 states that the 10 mm-diameter of the phosphor screen corresponds
to 2.4 mm at the interferometer mid-point (10 mm x 314 mm/1202 mm from
Fig. 1). A gradient of 12.75 mG/mm (fourth panel of Fig 12) produces a
pattern with a modulation periodicity of 2.45 mm (peak-to-peak distance
measured along the y-axis of the MCP image). In addition, 2.45 mm at the
MCP corresponds to 0.59 mm at the interferometer mid-point (= 2.45 mm
x 2.4 mm/10 mm), which in turn corresponds to a change in field of 7.5 mG
(= 0.59 mm x 12.75 mG/mm), which is very close to the 6.3 mG obtained
above for the longitudinal full-cycle spin-population oscillation. Similarly,
eqns.(7) and (9) of Ref. [89] both yield phase shifts ϕ of π radians using the
experimental values for the homogeneous field BH [eqn.(7)] and the gradient
G [eqn.(9)]. We have also calculated the transverse magnetic force acting on
the two spin wave packets (by using the above gradient stated by the au-
thors), and find that indeed a very small separation is induced (on the order
of an Angstrom) so that the two wave packets still transversely overlap at the
analyzer such that a Ramsey sequence could be completed, the latter being
the essence of the longitudinal SGI when no significant splitting is applied.
We believe this explains the main features observed.

For the previous experiment, we also considered the possibility of a spatial
interference scenario, i.e., in which a spatial splitting is the source of the
observed fringes. Even if we consider the above separation of an Angstrom
as a two-point source (e.g., like a double slit experiment), there are many
two-point sources identical to this one which are slightly shifted in their
position along the transverse dimension up to the width of the beam of a few
millimeters. As this is also the periodicity of the observed fringes, any fringe
should be washed out and we cannot see how any visibility may survive.

Consequently, to the best of our understanding, the only previous SG
spatial interference pattern was achieved in our own work [33], in which
low visibility fringes were observed. To conclude, it is clear that the new
experiments reported here go well beyond the previous state-of-the-art.
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Chapter 5

Conclusions and outlook

At the beginning of my Ph.D, the Stern-Gerlach interferometer (SGI) has
just been realized on an atom chip in a proof-of-principle experiment. Since
then, we have significantly improved the SGI operation and its versatility.
The operation was improved by increasing the interference phase stability,
single shot interference visibility, and the maximum spatial and momentum
coherent splitting, all of which are important measures for a practical atom
interferometer. In addition, the SGI has become a more versatile tool by the
introduction of the new full-loop experimental scheme. These advances were
achieved in close collaboration with theoretical efforts aimed at studying the
physics at work in the SGI operation. This joint experimental and theoretical
effort was an important factor in the progress made on the SGI, and greatly
helped to improve our understanding.

The improvements described above have pushed the SGI towards the
goal of a practical atom interferometer, and as a result, we were able to
successfully apply it in several projects, demonstrating the new achieved
abilities, versatility, and theoretical understanding.

In the first project, our realization of clock interferometry demonstrated
a way to probe the interplay between quantum mechanics and general rel-
ativity. As time is considered by some a parameter which is still far from
being fully understood [103], such an interferometer may shed new light on
a variety of related fundamental questions.

As this represents a new type of interferometry (the signal is not the move-
ment of the fringes due to a changing relative phase, but rather the visibility
of the fringes), a natural continuation was to study the complementarity in
the clock interferometer. In the second project, we theoretically obtained
and experimentally confirmed a clock complementarity relation. While this
relation is specific to clock complementarity, it is unusual in linking non-
relativistic quantum mechanics with general relativity. A direct test of this
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complementarity relation will come when the distinguishability reflects the
gravitational red shift between two paths which traverse different heights.

In the third project described in this thesis, we have demonstrated for the
first time a full-loop SGI, consisting of a freely propagating atom exposed to
magnetic gradients, as originally envisioned. We have shown that SG split-
ting may be realized in a highly coherent manner with macroscopic magnets
without requiring cryogenic temperatures or magnetic shielding. Further-
more, we addressed the issues raised theoretically over several decades of
whether time reversibility may be achieved in quantum operations performed
by classical macroscopic devices giving rise to non-discrete interactions (in
contrast to photon based beam splitters for example), and have shown time
reversibility to be achievable in a certain range of parameters.

In the last project (in which we used the SG apparatus not as an inter-
ferometer but rather to entangle spin and motion), we focused on quantum
thermodynamics. Here, we presented and implemented a quantum work me-
ter - a new device directly sampling the work distribution on an ensemble
of cold atoms. We implemented it and verified the Jarzynski identity over a
wide range of non-equilibrium processes. This is the first experiment, and so
far the only one, directly sampling the work distribution offering advantages
and different perspectives over previous work measurement schemes.

Outlook

There are many possible future research avenues into which the SGI can be
further developed; it could become a practical tool for probing fundamen-
tal physics, as well as for technological applications. For example, achieving
a high level of control over magnetic gradients may facilitate technological
applications such as large-momentum-transfer beam splitting for metrology
with atom interferometry [21, 104], and specifically may be useful in splitting
matter-waves in guided potentials (e.g. Sagnac high-finesse ring interferom-
etry). Previous work [33] has estimated that the maximum attainable SGBS
momentum splitting is ∼ 150~k. Using the current knowledge of attain-
able experimental parameters (feasible currents in chip wires during short
pulses), we can now estimate the attainable momentum splitting to be larger
than 400~k, which should put the SGBS with current state-of-the-art large-
momentum-transfer beam splitters [21].

Furthermore, the SGI can be applied for probing surface physics (e.g.
interferometric measurements of the Johnson noise and the Casimir-Polder
force near the atom chip), or even searches for the hypothesized fifth force.
It could also be used for ultra-sensitive probing of electron transport down to
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shot-noise and squeezed currents [93]. Highly accurate gradients could also
be used for nuclear magnetic resonance and compact accelerators [105].

In order to increase the sensitivity of the SGI, one would need to further
increase the splitting in space and momentum (which are the figures of merit
for interferometer sensitivity). Although the half-loop scheme is already close
to its edge in terms of the spatial splitting (only as far as our current lab
technology is concerned, due to optical resolution limitations relative to the
fringe periodicity), the full-loop scheme is, in principle, not limited by the
maximum splitting distance, and can be further developed. As explained
in Chap. 4, the coherence drop observed in the full-loop experiment is not
well described by our theory. Noting that our current experimental precision
in the relative charge generating the magnetic gradient pulses is ∼0.1%, we
expect the coherence drop to be much weaker. If one would overcome these
(currently unknown, and probably technical) limitations, it should be possi-
ble to further push the maximum splitting of the full-loop SGI, thus increas-
ing its interferometric sensitivity, as well as gaining interesting fundamental
understanding, e.g. concerning time-irreversibility and the Humpty-Dumpty
effect.
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ferometry in a double well on an atom chip,” Nature Physics 1, 57–62
(2005). (1)

[43] T. Berrada, S. van Frank, R. Bücker, T. Schumm, J.-F. Schaff, and
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for integer frustrations. Notably, the observed
value of e ¼ 2=3 for the integer dynamic transi-
tion coincides with the corresponding mean-field
value for the temperature- and pressure-driven
thermodynamic electronic Mott transition (21)
belonging in the class of the liquid-gas transi-
tion of classical systems (1, 21, 22). The universal
scaling properties of the current- and magnetic
field–dependent dynamical resistivity experi-
mentally demonstrate that a vortex Mott insulator
undergoes a phase transition resembling a liquid-
to-gas transition at the nonequilibrium critical
end point. The critical exponent at fc = 1=2 is
e ¼ 1=2, indicating that fractional vortex Mott tran-
sitions belong in different universality classes.
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QUANTUM MECHANICS

A self-interfering clock as a “which
path” witness
Yair Margalit, Zhifan Zhou, Shimon Machluf,* Daniel Rohrlich,
Yonathan Japha, Ron Folman†

In Einstein’s general theory of relativity, time depends locally on gravity; in standard
quantum theory, time is global—all clocks “tick” uniformly. We demonstrate a new tool
for investigating time in the overlap of these two theories: a self-interfering clock,
comprising two atomic spin states. We prepare the clock in a spatial superposition of
quantum wave packets, which evolve coherently along two paths into a stable interference
pattern. If we make the clock wave packets “tick” at different rates, to simulate a
gravitational time lag, the clock time along each path yields “which path” information,
degrading the pattern’s visibility. In contrast, in standard interferometry, time cannot yield
“which path” information. This proof-of-principle experiment may have implications for the
study of time and general relativity and their impact on fundamental effects such as
decoherence and the emergence of a classical world.

T
wo-slit interferometry of quanta, such as
photons and electrons, figured prominently
in the Bohr-Einstein debates on the consist-
ency of quantum theory (1, 2). A fundamental
principle emerging from those debates—

intimately related to the uncertainty principle—
is that “which path” information about the quanta
passing through slits blocks their interference. At
the climax of the debates, Einstein claimed that a
clock, emitting a photon at a precise time while
being weighed on a spring scale to measure the
change in its mass-energy, could evade the un-
certainty principle. Yet Bohr showed that the
clock’s gravitational redshift induces enough un-
certainty in the emission time to satisfy the un-
certainty principle. Inspired by the subtle role that
time may play, we have now sent a clock through
a spatial interferometer. Our proof-of-principle
experiment introduces clock interferometry as
a new tool for studying the interplay of general
relativity (3) and quantum mechanics (4).
Time in standardquantummechanics is a global

parameter, which cannot differ between paths.
Hence, in standard interferometry (5) a differ-
ence in height between two paths merely affects
their relative phase, shifting their interference
pattern without degrading its visibility. In con-
trast, general relativity predicts that a clockmust
“tick” slower along the lower path; thus if the
paths of a clock through an interferometer have
different heights, a time differential between the
paths will yield “which path” information and
degrade the visibility of the interference pattern
(6). Consequently, whereas standard interferom-
etry may probe general relativity (7–9), clock in-
terferometry probes the interplay of general
relativity and quantum mechanics. For example,
loss of visibility because of a proper time lag would
be evidence that gravitational effects contribute

to decoherence and the emergence of a classical
world (10).
Although our interferometer is of a new type,

it is worthwhile noting decades of progress in
matter-wave interferometry (11). Specifically, we
note experiments in which neutron spins have
been rotated in a magnetic field (12, 13) and ex-
periments in which different paths were labeled
(14). For completeness, we also note recent work
on the so-called Compton clock interferometer
(15) and the debates that ensued [(16, 17) and
references therein].
In our experiment, atomic clocks—atoms in

superpositions of internal states—pass through
an atomic matter-wave interferometer. We dem-
onstrate that the visibility of interference pat-
terns produced by thousands of self-interfering
clocks [atoms in a Bose-Einstein condensate (BEC)]
depends on the (simulated) proper time differ-
ential between the recombined wave packets of
each clock. We simulated the time differential or
lag by artificially making one clock wave packet
“tick” faster than the other. Although our clock is
not accurate enough to be sensitive to special- or
general-relativistic effects, it is able to demon-
strate that a differential time reading affects the
visibility of a clock self-interference pattern (6);
specifically, the visibility equals the scalar pro-
duct of the interfering clock states.
In principle, any system evolving with a well-

defined period can be a clock.We used a quantum
two-level system: a 87Rb atom in a superposition
of two Zeeman sublevels, the mF = 1 and mF = 2
sublevels of the F = 2 hyperfine state.
The general scheme of the clock interferome-

ter is shown in Fig. 1 (18). To prepare the clock in
a superposition of two different locations, we
made use of the previously demonstrated Stern-
Gerlach type matter-wave interferometer on an
atom chip (19), creating a coherent spatial super-
position of a 87Rb BEC (~104 atoms) 90 mmbelow
the chip surface. Initially, after the application
of a field gradient beam splitter (FGBS) and a
stopping pulse that zeroes the relative velocity of
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the two atomic wave packets, the wave packets
are in the same internal atomic state (jF ;mF i ¼
j2; 2i ≡ j2i) as well as in the same external mo-
mentum state. A radio-frequency (RF) p/2 pulse

(Rabi frequency WR and duration TR) tuned to
the transition from j2i to j1i ≡ j2; 1i forms the
clock by transferring the atoms from the j2i state
to the internal superposition state ðj1i þ j2iÞ= ffiffiffi

2
p

.

The pulse is applied under a strong homoge-
neous magnetic field in order to push the tran-
sition to j2; 0i out of resonance via the nonlinear
Zeeman effect, thus forming a pure two-level
system (18).
In order to examine the coherence of the

clock spatial superposition, we let the two clock
wave packets freely expand and overlap to create
spatial interference fringes (Fig. 2A). Because two
BEC wave packets are always expected to yield
fringes when they overlap, many experimental
cycles are required in order to prove phase sta-
bility or, in other words, coherent splitting of the
clock. In the averaged picture of 100 single shots
taken continuously over a period of ~2 hours
(Fig. 2B), the contrast falls by a mere 2% relative
to the mean of the single-shot visibility, demon-
strating a stable phase. The narrow phase distri-
bution in the data (18) reveals that the clock
splitting is coherent (meaning the clock was in
a superposition of two locations).
We now show that clock time is indeed a

“which path” witness. For a single-internal-state
interferometer, a phase difference will not change
the visibility of the fringes. In contrast, the relative
rotation between the two clock wave packets is
expected to influence the interferometric visi-
bility. In the extreme case, when the two clock
states are orthogonal—for example, one in the
state ðj1i þ j2iÞ= ffiffiffi

2
p

and the other in the state
ðj1i − j2iÞ= ffiffiffi

2
p

—the visibility of the clock self-
interference should drop to zero. We applied a
magnetic gradient pulse [inducing a “tick” rate
difference Dw (18)] of duration TG so as to in-
duce a relative angle of rotation between the two
clock wave packets (Fig. 1). When the relative
rotation angle is p, we observed in a single shot
that the visibility of the interference pattern drops
to zero (Fig. 2C). Again, this is unlike standard
interferometers in which a phase difference does
not suppress visibility, which this is contrary to
standard split-BEC interference experiments in

1206 11 SEPTEMBER 2015 • VOL 349 ISSUE 6253 sciencemag.org SCIENCE

Fig. 1. Experimental sequence of the clock interferometer. (A) Detailed sequence (not to scale). After
a coherent spatial splitting by the FGBS and a stopping pulse, the system consists of two wave packets in
the j2i state (separated along the z axis, the direction of gravity) with zero relative velocity (19).The clock is
then initializedwith a RFpulseof lengthTR, after which the relative “tick” rate of the two clockwave packets
may be changed by applying amagnetic field gradient @B/@z of duration TG. Last, before an image is taken (in
the xz plane) thewave packets are allowed to expand and overlap. (B) The same sequence as in (A) presented
in space (in the yz plane).The chipwires are parallel to x, and the imaging beam is parallel to y. (C) Evolution in
time, synchronized with (A). Each clock wave packet shows as a one-handed clock, in which the hand
corresponds to a vector in the equatorial plane of the Bloch sphere.When the clock reading (the position of the
clock hand) in the two clockwave packets is the same, fringe visibility is high. (D)When the clock reading is
opposite (orthogonal), it becomes a “which path” witness, and there is no interference pattern.

Fig. 2. Clock interfer-
ence. (A) A single
experimental shot of a
clock interfering with
itself (z axis values are
relative to the chip sur-
face). As TG = 0, the
clock rate is approxi-
mately the same in the
two wave packets, and
interference is visible. As
can be seen from Fig. 3,
a constant differential
rotation of the clocks, f0,
exists even for TG = 0
[because of a residual
magnetic gradient in our
chamber (18)]. This
somewhat reduces the
visibility. (B) To prove the coherence of the clock spatial splitting, an average of 100 consecutive shots such as that in (A) is presented, with only a 2% drop in
visibility (18). (C) To prove that clock time acts as a “which path” witness, we present a single shot in which the differential rotation angle f0 + DwTG equals
p. (D) Similar to (B), but where indistinguishability is restored by f0 + DwTG = 2p (visibility is 47 ± 1%, down from a single-shot average of 51 ± 2%).The fits are
a simple combination of a sine with a Gaussian envelope (19). The vertical position as well as the vertical extent of the clouds is explained in (18). Throughout
this work, all data samples are from consecutive measurements without any post-selection or post-correction.
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which a single shot always exhibits substantial
visibility. A revival of the single-shot visibility is
seenwhen the differential rotation angle is taken
to be 2p (where we again present an average of
100 shots to confirm coherence) (Fig. 2D).
To obtain amore general view of the effect, we

studied the dependence of the interference pat-
tern visibility on the differential rotation angle
between the two clock wave packets over the
range 0 to 4p, by varying TG to alternate be-
tween clock indistinguishability and orthogonality
(Fig. 3). The blue data in Fig. 3 present the clock
interference pattern visibility, clearly showing os-

cillations [consistent with the expected period
(18)]. Comparing the latter oscillations with the
visibility of a single-internal-state “no clock” inter-
ference (WRTR = 0) (Fig. 3, red data) confirms that
the oscillations are due to the existence of a clock.
The single-internal-state interference data also
confirm that the overall drop in visibility is not
due to the formation of the clock. This upper
bound is due to the magnetic gradient pulse
causing imperfect overlap between the two wave
packets (18). A lower bound on the visibility is
due to the spatial separation of the j1i and j2iwave
packets (gradual breakup of the clock), again due

to themagnetic gradient (18), which results in an
increase of the visibility as expected from two
independent single-state interferometers.
The essence of the clock is that it consists of

a superposition of two levels, j1i and j2i. In Fig. 3,
we chose to work with an equal population of
the j1i and j2i states upon clock initialization
to create a proper clock, thus maximizing the vi-
sibility’s dependence on the differential rotation.
To further prove that it is the clock reading that
is responsible for the observed oscillations of
visibility, we modulated the very formation of
the clock by varying the clock-initiating RF
pulse (TR) so that the system preparation alter-
nates between a proper clock and no clock at all
(Fig. 4). Specifically, varying TR changes the pop-
ulation ratio of the two components of the clock.
When the differential rotation of the two clock
wave packets (DwTG) is set to p (orthogonal
clocks), as shown by the blue data in Fig. 4A, the
interferometer visibility oscillates as a function
of the ratio of the clock states’ initial population.
This is so becausewhenWRTR equalsmultiples of
p, only one of the clock states is populated, and
the system is actually not a clock. In this case, we
have a standard interferometer; “clock orthog-
onality” and clock time as a “which path” wit-
ness do not exist irrespective of the fact that
DwTG = p, and consequently, full visibility is ob-
tained. When a proper clock is formed (equal ini-
tial populations), clock time is an effective witness,
and the visibility drops. In contrast, when DwTG =
2p (Fig. 4A, red data), the interferometer visibility
is always high because the two wave packets are
not orthogonal whether they are clocks or states
with a definitemF .
Our realization of clock interferometry dem-

onstrates a way to probe the interplay between
quantummechanics and general relativity. In this
context, some even suggest that wave-function
collapsemay be due to gravity (20–22). It remains
to be seen whether clock interferometers can
provide new insight regarding such mechanisms
as well. In addition, because time is considered
by some a parameter that is still far from being
fully understood (23), such an interferometermay
shed new light on a variety of related fundamen-
tal questions.
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ELECTROCHEMISTRY

Covalent organic frameworks
comprising cobalt porphyrins for
catalytic CO2 reduction in water
Song Lin,1,2* Christian S. Diercks,1,3* Yue-Biao Zhang,1,3,4* Nikolay Kornienko,1

Eva M. Nichols,1,2 Yingbo Zhao,1 Aubrey R. Paris,1 Dohyung Kim,5 Peidong Yang,1,3,5,6

Omar M. Yaghi,1,3,6,7† Christopher J. Chang1,2,8,9†

Conversion of carbon dioxide (CO2) to carbon monoxide (CO) and other value-added
carbon products is an important challenge for clean energy research. Here we report
modular optimization of covalent organic frameworks (COFs), in which the building units
are cobalt porphyrin catalysts linked by organic struts through imine bonds, to prepare a
catalytic material for aqueous electrochemical reduction of CO2 to CO. The catalysts
exhibit high Faradaic efficiency (90%) and turnover numbers (up to 290,000, with initial
turnover frequency of 9400 hour−1) at pH 7 with an overpotential of –0.55 volts, equivalent
to a 26-fold improvement in activity compared with the molecular cobalt complex, with no
degradation over 24 hours. X-ray absorption data reveal the influence of the COF
environment on the electronic structure of the catalytic cobalt centers.

G
lobal energy demands and climate change
underpin broad interest in the sustainable
reductive transformation of carbon diox-
ide (CO2) to value-added carbon products
such as carbon monoxide (CO) (1, 2). Elec-

trolytic approaches benefit from using water as
the reaction medium, as it is a cheap, abundant,
and environmentally benign solvent that facili-
tates proton and electron transfer (3, 4). How-
ever, the competitive and often kinetically favored
off-pathway reduction of water itself to hydrogen

must be avoided. In this context, molecular cata-
lysts for electrochemical CO2 conversions can be
systematically tuned to achieve high activity and
selectivity over proton reduction (5–13), but they
typically require organicmedia to achieve optimal
selectivity and/or stability, often to maximize sol-
ubility and minimize water- or proton-induced
catalyst degradation and/or hydrogen produc-
tion. In contrast, heterogeneous catalysts are
often stable in water, but optimizing their activity
through structural changes at a molecular level
remains a substantial challenge (14–19). Against
this backdrop, we sought to investigate crystal-
line porous frameworks—specifically, covalent
organic frameworks (COFs) (20–22)—as tunable
materials for electrocatalysis. We reasoned that
such materials could potentially combine advan-
tages of both molecular and heterogeneous cat-
alysts: (i) Construction with molecular building
blocks would enable precise manipulation of the
spatial arrangement of catalytic centers within
the predetermined COF structure (23); (ii) the
frameworks could be expanded and functional-
ized without changing the underlying topology
of the structure (24, 25); and (iii) the conserved
pore environment around the active sites within

the COF could be tuned electronically and steri-
cally (26) while providing ready access for the
substrate (27–32) (Fig. 1). Moreover, these crys-
talline porous frameworks offer the possibility to
perform multivariate synthesis, in which topo-
logically identical and yet functionally modified
building blocks can be introduced into the struc-
ture. This approach can potentially give rise to
materials with emergent properties that are
greater than the sum of the individual molecular
parts, because one can predictably prepare a
topologically ordered framework yet introduce
heterogeneity in the number and ratio of func-
tionalities by the choice of building blocks (33).
Here we show that incorporation of catalytic
cobalt porphyrin (34) units into COFs, along
withmultivariate synthesis of frameworks bearing
catalytic cobalt and structural copper units, gives
highly active, stable, and selective catalysts for
electrochemical reduction of carbon dioxide to
carbonmonoxide inwater. Amember of the COF
series that we studied exhibits a 26-fold increase
in activity compared with the parent molecular
precursor and, in many respects, outperforms
state-of-the-art molecular and solid-state catalysts,
with broad opportunities for further improve-
ment through modular synthesis using appro-
priate combinations of building units. X-ray
absorption measurements reveal that the COF
framework can directly influence the electronic
structure of the catalytic cobalt centers, in a man-
ner akin to redox noninnocent ligand behavior
observed in molecular systems (35), thereby con-
tributing to the observed gains in reaction se-
lectivity and activity beyond the steric effects of
surface area and site isolation.
We focused our initial electrocatalysis studies

on COFs, as we sought to exploit the charge-
carriermobility of thesematerials derived from p
conjugation and p-p stacking (22, 36–38), as well
as the stability from reticular assemblywith strong
covalent bonds.We synthesized amodel framework
(COF-366-Co) by the imine condensation of 5,10,
15,20-tetrakis(4-aminophenyl)porphinato]cobalt
[Co(TAP)]with 1,4-benzenedicarboxaldehyde (BDA)
(Fig. 1). The porous COF material was evacuated
by activation with supercritical carbon dioxide
and heating to 100°C for 18 hours. The re-
tention of cobalt in the coordinating porphyrin
units within the framework was confirmed by
elemental analysis (supplementarymaterials sec-
tion S1.1), thermogravimetric analysis (fig. S1), and
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Appendix B

Quantum complementarity of
clocks in the context of general
relativity

This appendix contains the paper:
Z. Zhou, Y. Margalit, D. Rohrlich, Y. Japha, and R. Folman, “Quantum
complementarity of clocks in the context of general relativity”, accepted for
publication in Classical and Quantum Gravity. The attached version is the
arXiv version (arXiv:1802.09235).
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Quantum complementarity of clocks

in the context of general relativity

Zhifan Zhou, Yair Margalit, Daniel Rohrlich,∗ Yonathan Japha, and Ron Folman

Department of Physics, Ben-Gurion University of the Negev, Be’er Sheva 84105, Israel

Abstract

Clocks play a special role at the interface of general relativity and quantum mechanics. We

analyze a clock-interferometry thought experiment and go on to theoretically derive and experi-

mentally test a complementarity relation for quantum clocks in the context of the gravitational

time lag. We study this relation in detail and discuss its application to various types of quantum

clocks.
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I. INTRODUCTION

The interface between quantum mechanics (QM) and general relativity (GR) is an on-

going fundamental challenge. While cosmology and high-energy physics offer tools used for

probing this interface and seeking hints for a highly sought-after unification, here our tools

are table-top spatial atomic interferometry and atomic clocks. Indeed, progress in matter-

wave interferometry [3–5] and atomic clocks [6] has provided a promising platform for new

experiments. To unambiguously test the GR notion of proper time in the context of QM,

a self-interfering clock has been suggested [6, 7]. Such a scheme has recently been realized

in a proof-of-principle experiment [8]. Quantum complementarity [9] plays a special role at

this QM–GR interface, as we show below.

Our present understanding of complementarity [10–14] for a two-path interferometer is

summarized by the fundamental inequality V 2 + D2 ≤ 1, where V is interference pattern

visibility and D is distinguishability of the two paths of the interfering particle. This law

has been verified in numerous experiments [15–22] and elaborated theoretically [23, 24]. In

the framework of GR, there is speculation [7] that the inequality may be broken such that

V 2+D2 > 1. As clock interferometry sensitive to gravitational red shifts may soon be feasible

[6, 24–28], formulating an account of clock complementarity is timely. Here we analyze in

detail, and test experimentally, a clock complementarity rule for spatial interferometers

with internal Hilbert spaces. See also [29] for a closely related analysis. We begin with

a clock-interferometry thought experiment, suggesting a clock complementarity rule in the

context of proper time. We obtain it theoretically for an atomic clock with two or more

internal levels, and verify it empirically in a clock interferometry experiment that includes

a simulated gravitational red shift.

II. THEORY

In the thought experiment, a clock is prepared in a spatial superposition where one wave

packet is closer to a gravitational source and thus suffers from a stronger time lag (or red

shift) [7, 8]. We note that it has been theoretically shown that spatial interferometers which

are sensitive to a proper time lag between the paths are possible [30]. Now, on the one hand,

if the “ticking” rate of the clock depends on its path, then clock time provides which-path
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information and the inequality V 2 +D2 ≤ 1, developed in the framework of non-relativistic

QM, must apply. Yet, on the other hand, gravitational time lags do not arise in non-

relativistic quantum mechanics, which is not covariant and therefore not consistent with the

equivalence principle [31]. Hence our treatment of the clock superposition is a semiclassical

extension of quantum mechanics to include gravitational red shifts.

As a historical precedent, we note that at the sixth Solvay conference in 1930, Einstein

tried to defeat the uncertainty principle for time and energy by using a clock to measure

the precise time a photon is released, and a spring scale to weigh the change in energy

E (via E = mc2) of the whole apparatus. Bohr then applied gravitational time dilation

to show that Einstein’s suggestion could not succeed [1]. Indeed, Bohr’s reply to Einstein

already contains the idea for our thought experiment, if we transform the uncertain height

of the clock in the gravitational potential (during the weighing) into a superposition of the

clock at different heights. Yet Bohr’s refutation seems, at first sight, mysterious. How could

Bohr have applied something outside of quantum mechanics to refute a quantum-mechanical

argument? Isn’t quantum mechanics by itself, without general relativity, a self-consistent

theory? The explanation [33] is simple: Einstein suggested measuring the energy of a photon

by weighing it; he thus equated the inertial mass m (in the formula for energy) with the

gravitational mass (in the weight of the photon). But this equation — the equivalence

principle — implies the red shift! In this work we reverse the logical implication: since we

impose a red shift, we must also impose the equivalence principle.

According to the equivalence principle, two wave packets traversing an interferometer

in a gravitational field can equivalently be described as two wave packets traversing the

interferometer and accelerating [34]. That is, we can map the experiment with its gravita-

tional field to an equivalent experiment with no gravitational field, but with acceleration;

and relativistic quantum mechanics fully describes the latter experiment. It follows that

the two experiments are equivalent; for otherwise, quantum mechanics could distinguish

between them, contradicting the equivalence principle. It likewise follows that complemen-

tarity, which is expected to hold also for relativistic QM, should also apply to wave packets

that acquire different red shifts.

An atomic clock accumulates a quantum phase between two or more internal levels.

It is convenient to represent clock states as vectors s in the Bloch sphere. In Fig. 1(a)

we show two such vectors corresponding to two interfering clock wave packets. The angle
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θ corresponds to the clock preparation (and is common to both wave packets) while the

angle φ = ω0∆τ describes the effect of the proper time lapse ∆τ between the two clock

wave packets, when the clock precesses at rate ω0 [7, 8]. We consider the case where the

distinguishability arises solely from ∆τ . Because of imperfect clock preparation, ∆τ may not

increase the distinguishability D to 1 (and correspondingly would not reduce the visibility

to zero), and it is useful to characterize the actual distinguishability allowed by the clock by

comparing it to the distinguishability DI made possible by a clock with an ideal preparation,

where full distinguishability D = 1 is achieved for ∆φ ≡ φu−φd = π, where u and d denote

the upper and lower paths of the interferometer, respectively. We do this by introducing a

re-scaling factor C that accounts for such imperfection, taking D = C ·DI .

Let us consider a clock that is initially prepared as a superposition |θ, φ〉 ≡ cos(θ/2)|1〉+
eiφ sin(θ/2)|2〉 of the two clock energy eigenstates |1〉 and |2〉. This clock state corresponds

to a Bloch vector s = (sin θ cosφ, sin θ sinφ, cos θ), which is ideally at θ = π/2 on the equator

of the Bloch sphere, representing an equal superposition of the two energy eigenstates. After

propagation along the two paths, the two clock wave packets acquire an angular difference

∆φ = ω0∆τ due to the proper time lag. The visibility V of the clock interferometer is

equal to the overlap |〈u|d〉| ≡ |〈θ, φu|θ, φd〉| between the two states |u〉 and |d〉 of the clock

wave packets, which have rotated angles φu and φd, respectively, during free propagation at

different heights in the gravitational field. The angular difference between the two states

|u〉 and |d〉 makes them distinguishable; the interference visibility is reduced to zero if the

overlap between the two states is zero, and the distinguishability D ≡
√

1− |〈u|d〉|2 grows

to 1, implying full “which-path” information. In the case of an ideal preparation, where

cos(θ/2) = sin(θ/2) = 1/
√

2, the angular separation between the two Bloch vectors su and

sd is ∆φ = φu − φd and the overlap is |〈u|d〉| = | cos(∆φ/2)|. In general, we can choose

two vectors sa and sb on the Bloch sphere, corresponding to two quantum states |a〉 and |b〉,
with an angle of separation αab between them in the plane that they define. Their overlap

is likewise cos(αab/2). It follows that the distinguishability is

D2 ≡ 1− |〈a|b〉|2 = sin2(αab/2) =
1

2
(1− cosαab) =

1

2
(1− sa · sb). (1)

In our case, where the latitude θ of the clock states does not change over time, the (real)

scalar product of the two Bloch vectors su and sd is su · sd = sin2 θ cos ∆φ+ cos2 θ. We use

the trigonometric equality cos ∆φ = 1−2 sin2(∆φ/2) and note that DI = | sin(∆φ/2)| is the
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FIG. 1: (a) Bloch sphere of the clock interferometer, where the red (green) vector indicates the

clock wave packet in the upper (lower) interferometer path. The angle 2θ between the two Bloch

vectors (solid lines) is smaller than the angle π between two vectors in a similar interferometer

with a perfectly prepared clock (dashed lines). (b) Detailed experimental sequence (not to scale).

C(θ) is controlled by an RF pulse of duration TR. DI(φ) is controlled by a magnetic gradient pulse

of length TG. (c) 339 experimental shots of the interference pattern in a combined plot (one on

top of the other, no alignment or corrections) when DI(TG) = 0. The visibility is 0.789±0.001.

The mean of the single-shot visibility is 0.879±0.002. The errors are standard error of the mean

(SEM).

distinguishability of two states in an ideal clock prepared with the Bloch vector pointing to

the equator, namely with equal populations. Upon substituting su · sd for sa · sb in Eq. (1)

we obtain

D2 = sin2 θD2
I , (2)

namely, the distinguishability of the states of the two clock wave packets is a product of the
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distinguishability of two states created by perfect preparation of the clock and propagation

through the interferometer, scaled by a factor C = sin θ, which varies from C = 1 for an

ideal clock to C = 0 for a non-clock prepared in a given energy eigenstate (at the north or

south pole of the Bloch sphere). While perfect clock preparation (C = 1) gives rise to the

possibility of perfect distinguishability D = 1 (full orthogonality of the clock states) for a

given proper time lag ∆τ = π/ω0, in the case of imperfect preparation (C < 1) the angle

between the Bloch vectors of the two wave packets is always smaller than αud = π and the

maximum possible distinguishability is Dmax = C < 1. (C may be thought of as the clock

preparation quality or “clockness”.) In the context of a clock interferometer [7, 8], where

the distinguishability of clock states determines the visibility, the complementarity relation

V 2 +D2 ≤ 1 can now be written as

V 2 + (C ·DI)
2 ≤ 1 . (3)

This is the clock complementarity relation, where DI is the ideal clock distinguishability,

determined solely by the proper time lag ∆τ (in the thought experiment).

The complementarity relation in Eq. (3) was derived here for a typical atomic clock based

on a two-level system. In this case the ideal distinguishability is DI(∆τ) = | sin(ω0∆τ/2)|
and the clock preparation quality is C = sin θ = 2

√
P (1− P ), where P and 1 − P are the

populations (occupation probabilities) of the two energy eigenstates of the clock. In the

more general case — for example, a clock based on an N -level system [spin S = (N − 1)/2]

— we show in Sect. V that Eq. (3) leads to interesting results in which θ and φ may not be

disentangled when defining C.

In the next section we demonstrate experimentally the complementarity relation of Eq. (3)

with a system of two Zeeman levels of an atom in a magnetic field. A vertical magnetic field

gradient ∂B/∂z takes the place of the gravitational field. The accumulated angular difference

between the two clock wave packets centered at heights zu and zd is φu − φd = ∆ωZeemanTG,

where TG is the gradient pulse duration and ∆ωZeeman = gFµB(∂B/∂z)(zu− zd)/h̄, µB is the

Bohr magneton and gF the Landé factor of the hyperfine level F . This clock shift mimics a

shift ω0∆τ for a clock in two positions in the gravitational field, where ∆τ ≈ g(zu− zd)T/c2

and T is the time (in the lab frame) during which the two wave packet centers are separated

along the axis of gravity.
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III. EXPERIMENTAL SCHEME

We experimentally verify to a high level of likelihood that a two-level clock obeys the

generalized clock complementarity rule, with a magnetic gradient simulating a gravitational

red shift. The setup used for this study is described in Ref. [8], while numerous improvements

have resulted in a much higher V in the raw data: Fig. 1(c) shows very high visibility without

any normalization (90% as compared with 60% in Ref. [8]). The experimental scheme is

depicted in Fig. 1(b); it applies the previously demonstrated Stern-Gerlach (SG) matter-

wave interferometer on an atom chip [34] in the following experimental sequence. (For more

details, see the Supplementary Material.) After a BEC of about 104 87Rb atoms in the

state |F,mF 〉 = |2, 2〉 has been released from a magnetic trap located 90±2 µm below the

chip surface, the SG beam splitter acts on it. It creates a coherent spatial superposition

of two wave packets in the same spin state (|2, 2〉). A stopping pulse then adjusts the

relative velocity of the two wave packets so that they have the same momentum. Clocks are

prepared by an RF pulse of duration TR, which creates a superposition of |2, 2〉 ≡ |2〉 and

|2, 1〉 ≡ |1〉 states. The pulses are applied under a strong homogeneous magnetic field (36.7

G) in order to push the transition to |2, 0〉 out of resonance via the nonlinear Zeeman effect,

thus forming a pure two-level system. As the Rabi frequency ΩR is constant, varying TR

will effectively change the Bloch vector’s polar angle θ in the Bloch sphere [Fig. 1(a)], e.g.

when TR = 0µs, there is no rotation and the Bloch vector stays at the north pole, and when

TR = 10µs, the Bloch vector is rotated onto the equator and a proper clock is prepared

in the state (|2〉 + |1〉)/
√

2. Then an additional magnetic gradient pulse of duration TG is

applied in order to change the relative “tick” rate of the superposed clock wave packets, thus

determining a relative rotation φ on the equator of Bloch sphere [Fig. 1(a)]. This synthetic

red shift introduces a posteriori which-path information (WPI) by creating entanglement

between the path and a WPI marker, in contrast to the a priori WPI, which involves the

preparation of an unbalanced interferometer such that the particle flux along the two paths

differs.

Let us note that it is not enough to experimentally simulate the thought experiment by

placing a clock in a spatial superposition, and creating a synthetic red shift with some force

field. To faithfully simulate the thought experiment one must make sure that there is no

breakup of the clock due to the applied force field. This may be viewed as a mere technical
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FIG. 2: The independent measurement of V , C and DI : (a,b) C2 = 4P (1 − P ) is measured

independently in a separate experiment by measuring the population transfer P after the clock is

prepared by an RF pulse of duration TR; (c) the visibility of an ideal clock (C = 1) interference

pattern versus TG, which induces distinguishability; the result is fitted to | cos(φ/2)|. (d-f) DI is

evaluated independently by measuring the relative angle in two single-state interferometers each

containing one of the two clock states, φ1 for mF = 1 and φ2 for mF = 2, and then by calculating

DI = | sin(φ2 − φ1)/2|. The errors are standard error of the mean (SEM) and are at times not

visible because of their small magnitude.

condition for the operation of a clock, but in fact the “no clock breakup” is a fundamental

feature of the thought experiment that must be imitated by any experimental simulation.

Specifically, there is no breakup of a clock wave packet in the gravitational field. Consider

a single wave packet centered at a point z0 and let τ(z0) be a proper time lapse there.

While two clock levels are indeed accelerated in the gravitational field to different momenta

pj = mjgτ(z0) (where the mass difference m2 − m1 = h̄ω0/c
2 is due to the difference
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h̄ω0 in their energies), the corresponding velocities vj = pj/mj = gτ(z0) do not depend

on the specific clock level. The Galilean law of falling masses, stating that gravitational

acceleration is independent of mass, holds in general relativity and insures that clock breakup

will not occur in a gravitational field. Similarly, the clock breakup effect in our experiment is

negligible relative to the difference of the clock angle between the two clock wave packets. A

clock wave packet ψ0(z)(|1〉+ |2〉) in a magnetic field gradient undergoes not only a rotation

of the clock |1〉+ |2〉 → |1〉e−iω1TG + |2〉e−iω2TG , where ω1 and ω2 are the magnetic potentials

for the two levels at z0, but also a differential momentum. While the differential clock

rotation is shown to span a large range of clock angles allowing the two clock states to be

fully distinguishable (DI = 1), the momentum separation between the two states of the same

clock, which is given by ∆p = h̄(∂ω1/∂z− ∂ω2/∂z)TG, is much smaller than the momentum

distribution of each wave packet (allowing the observation of many spatial fringes [8]). These

conditions are automatically fulfilled in our experiment when the separation between the two

wave packets is larger than the wave packet width. It follows that our demonstration of the

effect of gravitational red shift on clock distinguishability is valid.

IV. VERIFYING CLOCK COMPLEMENTARITY

Each clock is a superposition of two Zeeman sublevels, with coefficients that depend on

θ and φ. The RF pulse (duration TR) controls the value of C = sin θ, while the magnetic

gradient pulse (duration TG) controls the value of DI = sin(φ/2). The latter creates an

effective red shift, namely a differential clock “tick” rate, by inducing a differential Zeeman

splitting ∆ω such that φ = ∆ω · TG. Finally V is measured from the spatial interference

pattern [Fig. 1(c)]. We measure C2 = 4P (1−P ) independently in a separate experiment by

measuring P after the clock is initialized, and we evaluate DI independently by measuring

the relative phases in two single-state interferometers, one for each of the two clock states.

The independent measurements of V , C and DI are presented in Fig. 2.

As noted, C = sin θ = 2
√
P (1− P ), and in order to establish the value of C we need to

measure the population transfer from the mF = 2 state to the mF = 1 state. In Fig. 2(a)

we show the population transfer measured by Stern-Gerlach splitting of the different spin

states and atom counting, and Fig. 2(b) shows the resulting value of C2. As expected, C2

oscillates between 0 and 1, corresponding to the population transfer. In Fig. 2(c), we scan
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TG and measure the optimal clock (C = 1) interference visibility. The result is fitted with

| cos(φ/2)|, where φ represents the clock relative rotation. In Figs. 2(d-f) DI is measured

by two single-state interferometers (mF = 2 and mF = 1). The difference in phase between

these two interferometric fringe patterns is equivalent to the relative rotation φ between the

upper and lower clock wave packets, from which DI is directly calculated as | sin(φ/2)|. The

measured relations among the population transfer P , the parameter C2 and the visibility V

appear in greater detail in Fig. 3, for the case of DI equal to 1.

In Fig. 4(a) we present the clock complementarity relation V 2 + (C ·DI)
2 for four values

of C when DI is scanned. Fig. 4(b) presents the clock complementarity for four values of

DI when C is scanned. With V , C and DI measured independently, Fig. 4 demonstrates

that the clock complementarity rule is sound.

V. MULTILEVEL CLOCKS

To achieve an atomic clock with a better time precision it is possible to choose a pair

of energy eigenstates with a larger energy spacing h̄ω0. In the context of our Zeeman level

clock it is possible, for example, to prepare the system as a superposition of the two extreme

Zeeman levels mF = ±2 of the F = 2 manifold and use this system as a two-level clock with

rotation frequency 2Fω0. (See [31] for a possible realization.) The discussion in Sect. II is

valid for this system exactly in the same way.

An example of a multilevel clock where a few or many levels are occupied simultaneously

during the clock evolution provides a model for examining the transition to the classical

clock limit where the clock hand moves over a continuum of distinguishable times. So far, a

two-level clock was prepared by using a Rabi rotation that places the S = 1/2 Bloch vector

at an angle θ from the z axis of the Bloch sphere. Let us consider an S > 1/2 system

prepared in a similar way. (For an example of such a preparation see [32]; for a possible

realization of a very large S see [33].) Figs. 5(a,b) show an S = 8 clock interferometer on the

Bloch sphere. In a spin-S system (with N = 2S + 1 levels and equal energy spacing), one

may rotate the state along the θ direction while free evolution rotates the state along the

φ direction. As in the spin-1/2 system, the overlap between two states |θa, φa〉 and |θb, φb〉,
representing two coherent states obtained by such rotations starting from the extreme energy

eigenstate mS = S, is determined by the angle αab between the two Bloch vectors sa and
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FIG. 3: (a) Clock preparation, showing the population transfer P vs. TR. (b) In blue, the measured

C2 vs. TR, when ∆φ = π (and DI = 1 with an uncertainty of 1%), as well as (dashed line) the

calculated C2 = 4P (1− P ), taking P from (a). For reference, we also show (in red) the measured

V vs. TR, as well as (dashed line), the calculated visibility V = | cos θ|Vmax = |1− 2P |Vmax [again,

taking P from (a)], where Vmax = 0.9 is our maximal visibility limited by optical resolution, etc.

The figure shows the complementary between C2 and V when DI equals 1.

sb corresponding to the two quantum states. For example, consider the overlap between

the two states |θa, φa〉 = |0, 0〉 (the extreme energy eigenstate on the north pole) and |θ, φ〉
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FIG. 4: The value of V 2 + (C ·DI)
2, where all three parameters are measured independently: (a)

for four values of C when DI is scanned, and (b) for four values of DI when C is scanned. V is

the normalized visibility: Each value of the visibility is an average of the single-shot visibility from

several experimental cycles, and the error bars represent the standard error of the mean (SEM)

in this sub-sample. For error bars corresponding to standard deviation (SD) we multiply by
√
n,

where n = 6 is the number of data points. This average is normalized to the visibility of the

single-state interferometer (i.e. without an initialization of a clock) to account for experimental

imperfections.

obtained by a Rabi rotation of the state |0, 0〉 with an angle θ. This state has the form

|θ, φ〉 =
S∑

m=−S
cosS+m(θ/2) sinS−m(θ/2)

√√√√√


 2S

S +m


e−imφ|S,m〉, (4)

where |S,m〉 are the spin eigenstates and


 2S

S +m


 are binomial coefficients for choosing

S+m out of 2S+1. It follows that the overlap integral is given by |〈0, 0|θ, φ〉| = cos2S(θ/2).

As rotations around the Bloch sphere are unitary operations and do not change the overlap
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FIG. 5: Distinguishability for coherent states of spin S ≥ 1/2. (a) The Bloch sphere of S = 8

showing the angular distribution of a superposition of states |θ, φ〉 = |π/2, 0〉 and |π/2,−π/2〉

with almost full distinguishability. (b) A similar superposition for a non-ideal clock prepared

at θ = π/3; the two states show a considerable overlap. (c) “Clockness” C for a preparation

angle θ = π/4 as a function of the phase difference ∆φ and different spin values S. For ∆φ → 0

C → sin θ is independent of spin, but for large ∆φ the “clockness” is large for large spins as the

angular distribution on the Bloch sphere is narrow, implying high distinguishability regardless of

the preparation angle.

between two states transformed under the same operation, and as can be verified directly

from the above equation, we can generalize this result to any two coherent states on the

Bloch sphere, such that

|〈θa, φa|θb, φb〉| = cos2S(αab/2), (5)

where αab is the angle between the two Bloch vectors such that cosαab = sa · sb. By using

some trigonometric equations we conclude that for two Bloch vectors prepared at the same

13



latitude θ the distinguishability is

D2 = 1−
[

1

2
(1 + su · sd)

]2S

= 1− [1− sin2 θ sin2(∆φ/2)]2S. (6)

For S = 1/2 this leads to the same expression as in Eqs. (1) and (2). The ideal distinguisha-

bility is D2
I = 1−cos4S(∆φ/2) (conforming to the two-level system result for S = 1/2). This

implies that the “clockness” C should be

C2 ≡ D2

D2
I

=
1− [1− sin2 θ sin2(∆φ/2)]2S

1− cos4S(∆φ/2)
. (7)

In the limit of a very short time lag ∆φ→ 0, the “clockness” becomes C → sin θ, the same

as for spin-1/2 and independent of the spin. However, for general proper time lags of the two

clocks, C becomes dependent both on the spin S and the angle difference ∆φ. The value of

C as a function of ∆φ is shown in Fig. 5(c). For large values of the spin S and large proper

time differences, the distinguishability is no longer sensitive to the clock preparation angle,

as the clock states are represented by a narrow distribution of angles on the Bloch sphere

and therefore two states with large ∆φ are well separated even if the preparation angle is

not ideal.

Finally, we can apply the clock complementarity relation in Eq. (3) to a single-state

spatial interferometer, e.g. the Compton clock for which C = 0; [25–28]; but C = 0 does

not correspond to a clock in the usual sense of an internal state space. What is unique to

C > 0 clock interferometry is the reduced V due to different clock readings along the paths,

rendering the paths distinguishable [7, 8]. An additional implication of Eqs. (1-2) is that

V 2 + D2 > 1 [7] requires either V 6= |〈su|sd〉| or new rules for scalar products in quantum

mechanics.

VI. CONCLUSION

In summary, we have theoretically obtained and experimentally confirmed a clock com-

plementarity relation, V 2 + (C ·DI)
2 = 1, for clock wave packets superposed on two paths

through an interferometer. Here V is the visibility of their interference pattern, C is a

measure of the “preparation quality” of the clock, and DI is the distinguishability of an

ideally prepared clock. We emphasize that our experiment measures V , C, DI indepen-

dently. While this relation is specific to clock complementarity, it is unusual in linking

14



non-relativistic quantum mechanics with general relativity. A direct test of this comple-

mentarity relation will come when DI reflects the gravitational red shift between two paths

which traverse different heights.
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Realization of a complete Stern-Gerlach interferometer

Yair Margalit, Zhifan Zhou, Or Dobkowski, Yonathan

Japha, Daniel Rohrlich, Samuel Moukouri, and Ron Folman∗

Department of Physics, Ben-Gurion University of the Negev, Be’er Sheva 84105, Israel

Abstract

The Stern-Gerlach (SG) effect, discovered almost a century ago, has become a paradigm of

quantum mechanics. Surprisingly there is little evidence that the original scheme with freely

propagating atoms exposed to gradients from macroscopic magnets is a fully coherent quantum

process. Specifically, no high-visibility spatial interference pattern has been observed with such

a scheme, and furthermore no full-loop SG interferometer has been realized with the scheme as

envisioned decades ago. On the contrary, numerous theoretical studies explained why it is a

near impossible endeavor. Here we demonstrate for the first time both a high-visibility spatial

SG interference pattern and a full-loop SG interferometer, based on an accurate magnetic field,

originating from an atom chip, that ensures coherent operation within strict constraints described

by previous theoretical analyses. This also allows us to observe the gradual emergence of time-

irreversibility as the splitting is increased. Finally, achieving this high level of control over magnetic

gradients may facilitate technological applications such as large-momentum-transfer beam splitting

for metrology with atom interferometry, ultra-sensitive probing of electron transport down to shot-

noise and squeezed currents, as well as nuclear magnetic resonance and compact accelerators.

∗Corresponding author; Electronic address: folman@bgu.ac.il
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The discovery of the Stern-Gerlach (SG) effect [1, 2] was followed by ideas concerning a SG

interferometer (SGI) consisting of a freely propagating atom exposed to magnetic gradients

from macroscopic magnets [3]. However, starting with Heisenberg, Bohm and Wigner [4] a

coherent SGI was considered impractical because it was thought that the macroscopic device

could not be precise enough to ensure a reversible splitting process. Bohm, for example,

noted that the magnet would need to have “fantastic” accuracy [5]. Englert, Schwinger and

Scully analyzed the effect in more detail and coined it the Humpty-Dumpty (HD) effect [6–

8]. They too concluded that for significant coherence to be observed, exceptional precision

would be required. The HD effect illustrates how the difficulty in achieving coherence, due

to imprecise experimental quantum operations, is related to the practical irreversibility of

quantum processes, and indeed Englert has emphasized more recently the role played in the

SGI by the emergence of time-irreversibility (TI) in quantum theory [9, 10]. (In [11] we

define TI rigorously.) Later work added the effect of dissipation and suggested that low-

temperature magnetic field sources would enable an operational SGI [12]. Claims have even

been made that no coherent splitting is possible at all [13].

As shown in Fig. 1, we have measured a SGI coherence of 99% and 95% with spatial and

spin interference signals, respectively. We achieve both with highly accurate macroscopic

magnets at room temperature, whereby a freely propagating atom is exposed to magnetic

gradients. Following in the footsteps of impressive endeavors [14–24] this is, to the best of our

knowledge, the first complete realization of a SG interferometer analogous to that originally

envisioned, showing that indeed this textbook example of a quantum device is sound. In

addition, we note that in the regime of weak quantum decoherence as we have, the two

experiments presented here demonstrate the emergence of TI from two origins: instability

and imprecision of quantum operations. As shown in the following, we are able to suppress

instability to a high degree and thus our signal is a measure of imprecision, the focus of the

HD effect. To the best of our knowledge, this is a first demonstration of the HD effect.

Let us briefly note that spin-dependent forces have been realized many years ago (e.g.

[25]) and are still frequently used (e.g. [26–29]). However, these utilize laser fields. Entan-

glement between spin and motional degrees of freedom with magnetic gradients is also used,

for example, for quantum gates (e.g. [30]), or for precision measurement (e.g. [31]), but to

the best of our knowledge, no spatial interferometry has been realized.

In Fig. 2 we present our two longitudinal SGI configurations. The half-loop consists only
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FIG. 1: Interference patterns of a Stern-Gerlach interferometer (SGI). (a) Half-loop interferometer

(see Fig. 2 for definition): A single-shot interference pattern of a thermal cloud (BEC fraction

of ∼0%), with a visibility of 0.65 (only slightly lower than the single-shot visibility of a BEC).

This shows that our SGI is robust to initial state uncertainties and does not rely on the inherent

coherence of a BEC (z is the distance from the chip in the direction of gravity). (b) A multi-shot

image made of a sum (average) of 40 consecutive interference images of a half-loop SGI with a

BEC (no correction or post-selection). The normalized visibility is approximately 99% (see [11]

for a polar plot of the phases). This high stability, together with the low decoherence rate (see

text), allows testing the precision of the magnet. (c) Full-loop interferometer: a high-visibility

interference pattern of spin population showing precision and time reversibility (see text). The

normalized visibility is 95%. See Figs. 3 and 4 (and [11]) for the experimental parameters of the 3

plots.

of splitting and stopping. After the initial splitting, we manipulate the wavepackets to have

the same spin so that they may spatially interfere. Despite having the same spin, their

relative velocity may be stopped as they are at different locations in which the magnetic

gradient differs. Recombination occurs as the separated wavepackets expand and overlap

after time-of-flight (TOF). The full-loop, in which the entanglement of spin with spatial

degrees of freedom persists throughout the SGI, actively recombines the two wavepackets

in both position and momentum (i.e. four regions or pulses including splitting, stopping,

accelerating back and stopping), and uses the spin state of the recombined wavepacket as

the interference signal.

Three factors determine coherence (and similarly the level of TI) in a SGI: First, the

initial state may be too spread in position or momentum. To suppress this effect we utilize

a minimal uncertainty wavepacket in the form of a Bose-Einstein condensate (BEC). In
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FIG. 2: The longitudinal SGI (z position vs. time). (a) The half-loop interferometer. Here the

signal is made of spatial interference fringes. For interference to occur the two wavepackets are made

to have the same spin with a π/2 pulse and a selection of two of the four emerging wavepackets. This

configuration does not require high precision and it is mainly sensitive to stability. Note that as

the two wavepackets have the same spin, a long stopping pulse giving rise to an harmonic potential

is required. This creates a tight focus for the wavepackets [11]. (b) The full-loop interferometer.

Here the signal is made of spin population fringes. This configuration requires high precision in

order to maintain coherence, as in contrast to (a) it uses active recombination. Here the stopping

pulse [again in contrast to (a)] may be short as the magnetic gradient is very effective in stopping

the relative motion of two different spins. Both figures are plotted in the center-of-mass frame. As

the half-loop sequence requires wavepacket expansion to achieve overlap, the half-loop sequence is

much longer and the difference between the two experiments in eventual wavepacket size at the

time of recombination and overlap is 1-2 orders of magnitude.
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addition, we use an optimized sequence that is most robust against initial state uncertainties,

as apparent even for a thermal cloud (Fig. 1a).

The second factor is instability (i.e. temporal fluctuations). Instability is due to the

environment (either the magnet itself or beyond it) ranging from classical (technical drifts)

to quantum [32]. In our experiment the quantum regime has little effect: the high visibility

in Fig. 1b shows spatial decoherence to be small. We also estimate the decoherence due to

entanglement with electrons in the electromagnets to be small [11]. Finally, as the BEC is in

free fall, phase diffusion due to atom-atom interaction is negligible. Our main perturbation

is thus classical drifts. To study this we utilize the half-loop SGI, where visibility is not

sensitive to precision as slight changes in momentum and position of the wavepackets after

the evolution do not change the visibility but rather induce minor changes to the interference

pattern periodicity [11]. We measure stability by evaluating the shot-to-shot phase difference

of the interference pattern via the visibility of a multi-shot sum (Fig. 1b). Having confirmed

that drifts and spatial decoherence are low, we may use spin-coherence in the full-loop as a

measure of the third factor, imprecision.

Imprecision of the magnet gives rise to magnetic fields not having the right magni-

tude and direction throughout the particle’s trajectory. This is the focus of the HD ef-

fect. Various properties of the wavepacket should be controlled, such as position, central

phase, momentum and wavepacket size. These are related to the phase spread over the

wavepacket during the splitting, which is (as argued by Heisenberg and others [4, 6, 33]):

−δφ = −δ(ET/h̄) = −(∂E/∂z)σzT/h̄ = FTσz/h̄, where T is the magnetic gradient dura-

tion, and σz, σpz , are the initial wavepacket widths in position and momentum. Requiring

FT � σpz to ensure wavepacket separation (F is half the differential force), this “phase

dispersion” may be large and has to be undone by the recombination process. In our case,

δφ may be as large as several hundred radians. We study this using the full-loop SGI. Here

coherence is determined by the overlap integral (in contrast to the half-loop). As noted

by the HD papers a “microscopic” level of precision is required. This is so as the overlap

integral does not change with time, even if the wavepackets expand and overlap after TOF,

and a non-negligible value for this integral requires a recombination precision on the scale

of the initial wavepacket width in position and momentum. As in a standard Ramsey pro-

cedure, we measure φ with the help of a second π/2 pulse followed by a spin population

measurement. We measure the visibility by scanning the phase of this π/2 pulse (Fig. 1c).
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This work utilizes an atom chip [34] with several advantages including strong magnetic

gradients created by a source with very low inductance so that the gradients can be switched

in micro-seconds. In addition, the structure and position of the magnet are very precise as

it is made of a near-perfect wire [11]. Furthermore, relative to our previous work where low

visibility was obtained [35], care was taken to reduce a wide range of hindering effects. For

example, a novel method was used to reduce the effect of current fluctuations by utilizing a

3-wire configuration which produces a quadrupole and exposes the wavepackets to a weaker

magnetic field while maintaining strong gradients. This reduces phase fluctuations [11].

Our experiments begin with a superposition of the two spin states |F,mF 〉 = |2, 2〉 ≡ |2〉
and |2, 1〉 ≡ |1〉 of 87Rb atoms, prepared by a π/2 RF pulse and split into two momentum

components by a magnetic gradient pulse (along the axis of gravity, z).

Our half-loop SGI uses the long TOF (∼ 10 ms) to transform the expanding wavepackets

into spatial interference fringes (see Wigner representation [11]). We present in Fig. 3 the

measured normalized multi-shot visibility as a function of the splitting gradient pulse dura-

tion. We are limited to 4µm wavepacket separation as our imaging cannot resolve without

bias a fringe pattern periodicity below 10µm. The latter maximal separation is depicted by

the red data point. The magnetic field curvature of the stopping pulse is responsible not

only for stopping the relative wavepacket velocity, but also for focusing each wavepacket to

a minimal size of less than 1µm along the z direction (Fig. 2). At this point their separation

is 4.5 to 18 times their size [11]. To examine the effect of instability we present a second data

set where noise was injected into the current driving the splitting pulse. Several theoreti-

cal models show good agreement with both data sets. These include an analytical model,

and two numerical models: a random vector model where ε is the magnitude of random

perturbations (with infinite fluctuation correlation length, shown in Fig. 3, as well as zero

correlation length [11]), and a wavepacket propagation model (dashed and solid red lines),

which we consider most detailed in reproducing the experimental conditions [11]. To sum-

marize our half-loop experiment, we find high visibility (> 90%) for momentum splitting up

to the equivalent of ∼ 2h̄k (λ = 1µm).

Next, we realize the full-loop SGI. Here, the overlap and measurement take place after

only a few hundred µs. To make sure the spin superposition is not dephased due to noise,

we also add π pulses giving rise to an echo sequence [11]. To access a larger region of

parameter space and to ensure the robustness of our results, we utilize several different
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FIG. 3: Analysis of stability (half-loop): spatial visibility (multi-shot) vs. splitting pulse duration

T1. Data shows the normalized multi-shot visibility of sequences that minimize phase fluctuations

(high visibility), and similar sequences where current fluctuations were artificially injected into

the splitting pulse (low visibility). The sequences are detailed in [11]. The raw data for the first

data point (4µs) is shown in Fig. 1b. Error bars include fitting errors for each multi-shot pattern,

standard deviation (SEM) of single-shot visibility, and uncertainty due to the finite sample size

[11], and do not account for long term drifts. Theoretical models are detailed in the text and

in [11].

full-loop configurations as detailed in [11]. For example, we reverse the sign of the relative

acceleration by reversing the sign of the currents in the chip wires, while in other sequences

we keep the same currents while reversing the spins with the help of π pulses. We also

utilize a variety of magnetic gradient magnitudes, and scan both the splitting gradient

pulse duration, T1, and the delay time between the pulses, Td. All results are qualitatively

the same. For weak splitting we observe high visibility (∼ 95%), while for a momentum

splitting equivalent to h̄k the visibility is still high (∼ 75%) indicating that the magnet

precision enabled to reverse the splitting to a high degree.
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FIG. 4: Analysis of precision (full-loop). (a) Spin population visibility vs. maximal separation

∆z (in absolute units and in units of the BEC initial width). Concerning the farthest data point:

although out of the trend of the data we believe it is a valid point [11]. (This is an example of the

complex dependence in the 12-dimensional experimental parameter space.) Theory is due to the

wavepacket propagation model (dashed lines are a guide for the eye, see text). (b) Visibility vs.

splitting momentum ∆pz (in absolute units and in units of the BEC momentum spread). More

data points are shown in [11]. For B-C we use σz,BEC ' 1.2µm [11] (half the Thomas-Fermi width),

and σv,BEC = h̄/2mσz ' 0.3 mm/s (assuming minimal uncertainty wavepacket, and where m is the

atomic mass). The raw data for the first green data point (highest visibility) is shown in Fig. 1c.

Some of the points of the green data set (lower panels) presented in (a) have been omitted from (b),

since they add no significant new behavior (e.g. some points have the same momentum splitting,

and thus represent a vertical line in the momentum graph).

To test the limits of our precision, in Fig. 4 we plot the visibility as a function of the

normalized values ∆pz/σpz and ∆z/σz, where ∆pz and ∆z are the maximal splitting in

momentum and position. These parameters are inspired by the parameters appearing in the

HD formula [4, 11], namely the final imprecisions, where one may assume that a correlation

exists between the latter and our values of maximal splitting. The visibility is normalized

to the Ramsey visibility without splitting (i.e., no magnetic gradients), typically ∼ 90%.

As shown previously, the momentum splitting (equalling 2FT ) is the figure of merit in

determining the “phase dispersion”, and in our experiment it is as high as ∆pz/σpz = 60

before coherence is lost. In contrast, the visibility is more sensitive to spatial splitting and

we achieve ∆z/σz = 4, much lower than for the half-loop.

In Fig. 4 we also present our theoretical prediction, based on our wavepacket propagation

model, which accurately simulates the experimental conditions (also used in Fig. 3). Notice
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FIG. 5: Full-loop optimization procedure: population output as a function of the reverse pulse

duration T2 + T3, for T1 = T4 = 6µs, Td1 = 300µs. The population oscillates around the optimal

point as expected by a simplified model of a Gaussian times a sine. The peak of the Gaussian

envelope corresponds to the time at which the wavepackets’ overlap integral at the end of the

interferometer is maximized. The width of the envelope is related to the momentum width of the

wavepackets, and the sine function corresponds to the added phase between the two interferometer

arms, per unit time of reversing pulse.

that when the parameters used in the real experiment were (according to theory) not optimal,

the simulation predicts a visibility below one. This may happen when our experimental

optimization is imperfect, or if our simulation is inaccurate. When, however, the parameters

used in the experiment are exactly those deemed by theory as perfect (e.g. red data set),

the visibility is still not improved. This determines the limits of our experiment and theory

(see Outlook). In contrast to the half-loop case, we could not use an analytic model for the

full-loop results (HD theory or its extension [11]) since such a model requires knowledge of

the final state of the wavepackets (i.e. their relative separation in space and momentum, and

possibly also the relative phase chirp). These parameters could not be measured directly

from the experiment. This is in contrast to the half-loop case, in which no such knowledge

is required, as the normalized visibility is not sensitive to these parameters.

In the Fig. 5, we show an example of a full-loop optimization procedure that we use

in order to maximize the interference contrast of the full-loop SGI. In the optimization
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procedure, we set the durations of the first and last gradient pulses T1 and T4 and also the

durations of the delay times Td1 and Td2 (usually T1 = T4 and Td1 = Td2 to begin with).

We then measure the output population of the full-loop SGI sequence as a function of the

duration T2 + T3 of the second and third gradient pulses, while keeping the total duration

T2 +T3 +Td2 constant. A typical result is that shown in Fig. 5, fitted to a Gaussian envelope

times a sine function. Ideally for linear magnetic gradients, we would expect the peak

overlap to occur when the sequence is symmetric i.e. T1 + T4 = T2 + T3. However due to

the non-linearity of the magnetic potential created by the chip wires in the z direction, the

optimal point is below or above the symmetric time (the specific number depends on the

scheme used - spin inversion or current inversion).

Let us note that it is difficult to conclude whether the HD theory over- or under-estimates

the loss of coherence as we have no reliable experimental method to determine the HD

parameters. (We note that the HD theory is consistent with our numerical calculations,

which are based on the estimation of the overlap integral [11].) It is clear, however, that at

least qualitatively, we observe the HD effect.

Finally, we briefly compare our experiments to the state-of-the-art [14–24]. A detailed

comparison is given in [11]. While these longitudinal beam experiments did observe spin-

population interference fringes, the experiments presented here are very different. Most

importantly, as explained in [19] and [22], an analogue of the full-loop configuration was

never realized, as only splitting and stopping operations were applied (i.e., no recombina-

tion); namely, wavepackets exit the interferometer with the same separation as the maximal

separation achieved within. This also means that these experiments could not probe impre-

cision as an origin of TI or the HD effect. Furthermore, also within the framework of the

half-loop configuration, the differences are significant. Most importantly, the beam exper-

iments could not observe any matter-wave interference fringes due to spatial splitting, as

presented here in Fig. 1. We are able to observe such fringes as we have two well defined

wavepackets, almost stationary in the lab frame.

As an outlook (details in [11]), let us note that while we have simulated our experimental

conditions with care, and while such simulations accurately describe our previous interfer-

ometry results (e.g. [35–37]), as well as the half-loop results presented in Fig. 3 and the basic

characteristics of the interferometer [11], the coherence drop observed in the full-loop exper-

iment is not well described by our theory, as shown in Fig. 4. Noting that our experimental
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precision is 0.1% (relative charge), we expect the drop to be much weaker. We can only

assume that it is perhaps due to more subtle effects such as the fine structure and alignment

of the magnets (e.g. tilts), as well as minute deviations in the initial position and state of

the BEC. Identifying the source of these known effects, which are experimentally minute to

the point of being unnoticeable to us, yet are highly dominant in perturbing the evolution,

is beyond the scope of this first demonstration. Our extensive efforts to identify the source

are described in [11]. As optimizing the visibility in the SGI requires a multi-dimensional

scan which is impractical to conduct by hand or even by electronic loops, future use of

optimization algorithms may enable further insight into the origin of the coherence loss and

the fundamental limits on reversibility and time-symmetry in such systems. Finally, for a

quantitative comparison to the HD theory, one would have to formulate this theory with

measurable observables, such as those appearing in Figs. 3, 4.

To conclude, we have demonstrated for the first time a full-loop SGI, consisting of a freely

propagating atom exposed to magnetic gradients, as originally envisioned. Furthermore,

we have presented and analyzed for the first time high-visibility spatial fringes originating

from SG splitting. We have shown that SG splitting may be realized in a highly coherent

manner with macroscopic magnets without requiring cryogenic temperatures or magnetic

shielding. Furthermore, we addressed the issues raised theoretically over several decades of

whether time reversibility may be achieved in quantum operations performed by classical

macroscopic devices giving rise to non-discrete interactions (in contrast to photon based

beam splitters for example), and have shown time reversibility to be achievable in a certain

range of parameters. In addition, we have qualitatively observed the HD effect, showing

a drop in visibility as a function of momentum or spatial splitting. Finally, achieving this

high level of control over magnetic gradients may facilitate technological applications such as

large-momentum-transfer beam splitting for metrology with atom interferometry [38], ultra-

sensitive probing of electron transport down to shot-noise and squeezed currents [39], as well

as nuclear magnetic resonance and compact accelerators [40].
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Work is an essential concept in classical thermodynamics, and in the quantum regime, where

the notion of a trajectory is not available, its definition is not trivial. For driven (but otherwise

isolated) quantum systems, work can be defined as a random variable, associated with the

change in the internal energy. The probability for the different values of work captures

essential information describing the behaviour of the system, both in and out of thermal

equilibrium. In fact, the work probability distribution is at the core of “fluctuation theorems” in

quantum thermodynamics. Here we present the design and implementation of a quantum

work meter operating on an ensemble of cold atoms, which are controlled by an atom

chip. Our device not only directly measures work but also directly samples its probability

distribution. We demonstrate the operation of this new tool and use it to verify the validity of

the quantum Jarzynksi identity.
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C
lassical fluctuation theorems establish surprising relations
between non-equilibrium and equilibrium concepts.
In particular, the work performed on a system during

non-equilibrium processes is connected with key concepts of
equilibrium thermodynamics, such as the free-energy1, 2. These
relations have been verified in various experiments involving
microscopic thermodynamic systems3–5. Recent advances in
quantum technologies enable the control of small quantum sys-
tems that can be manipulated far from the regime where the usual
thermodynamical laws are obeyed. This triggered the develop-
ment of the rapidly growing field of non-equilibrium quantum
thermodynamics6–9.

When quantum fluctuations dominate, defining and measuring
work and heat, two central concepts in classical thermodynamics,
is non-trivial. For driven, but otherwise isolated, quantum
systems, work w is a random variable associated with the change
in the internal energy10, as the first law of thermodynamics
indicates. Thus, the commonly accepted definition of quantum
work requires a two-time measurement strategy, which consists
of performing two projective energy measurements, one at the
beginning and the other at the end of the process. Then, work is
associated with the measured energy difference. However,
implementing the two-time measurement is experimentally
difficult11, 12 due to the fact that the two projective measurements
are unavoidably disruptive (see ref. 13 for an ion trap imple-
mentation). Alternative methods to evaluate the work probability

distribution that rely on the direct estimation of its Fourier
transform were also proposed in refs. 14, 15 and later implemented
in NMR experiments16.

In this paper we present the design and the experimental
implementation of a “quantum work meter” (QWM) operating
on an ensemble of cold atoms, combining the idea presented in
ref. 17 and the experimental setup used in ref. 18. Our QWM is
conceptually different from previous work-measurement devices.
Its main advantage is that the QWM efficiently samples P(w),
which is a direct observable in the experiment. Namely, our
QWM not only directly measures work but also directly samples
its probability distribution P(w) (i.e. the outcome w is obtained
with probability P(w)). As the work probability distribution plays
a central role in the fluctuation theorems of non-equilibrium
quantum thermodynamics, the QWM is an ideal tool to test
their validity. In particular, we use it to verify the Jarzynski
identity1, 10, 19–21.

Results
Work measurement and the QWM. A QWM is an apparatus
that measures the work performed on a driven quantum system
whose Hamiltonian varies from an initial H to a final ~H with
eigenvalues En and ~Em, respectively. For an isolated system S, with
a D-dimensional space of states, the number of different values of
work is bounded by D2. Therefore, the pointer of the QWM has
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Fig. 1 The quantum work meter. a A quantum circuit for the quantum work meter (QWM). S and A are entangled so that the eigenvalue of the observable

H of the system S is coherently recorded by A. Then S is driven by US . Finally, another entangling operation between S and A creates a record of w on A.

In the experiment, A is encoded in the motional degree of freedom of the atoms along the vertical direction z, which also evolves while freely falling. S is

the pseudospin associated with the Zeeman sub-levels of a 87Rb atom. b Physical operations for the QWM on an atom chip: (i) The atoms, prepared in

state 2j i, are released from the trap, and a RF field generates an initial pseudo-thermal state. (ii) After 2.4 ms, internal and motional degrees of freedom are

entangled with a magnetic gradient pulse (U), applied for a duration of τ= 40 μs. (iii) Another RF field drives S. (iv) 3.1 ms after the application of U, a

second magnetic gradient pulse (~U) is applied for a duration of ~τ ¼ 300 μs. At this stage, A keeps a record of the different work values. (v) After 18.2 ms

from the application of ~U, the positions and optical densities of the atomic clouds are measured. The number of atoms in each cloud reveals the work

probability in a single experimental realisation. c Image of the four clouds obtained at the end of a single run of the QWM. The four possible values of w fix

the position of each cloud
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D2 distinct positions (one for each value of w ¼ wnm ¼ ~Em � En).
The QWM presented here enables us to choose H and ~H (fixing
the possible values of w) and to vary the intermediate driving
(inducing different evolution operators denoted as US). In this
way, we vary the probability P(w), which depends on the inter-
mediate driving US .

By sampling P(w), we use the QWM to verify a fundamental
result in non-equilibrium quantum thermodynamics: the Jar-
zynski identity. This identity states that for any initial state with
populations identical to the ones associated to a thermal Gibbs
state and for any distribution P(w), the linear combination
he�βwi ¼

P

w e
�βwPðwÞ, where β= 1/kBT is the inverse tempera-

ture of the system, is an equilibrium property (rather than a non-
equilibrium one). The Jarzynski identity (see Supplementary
Note 1) reads

he�βwi ¼ e�βΔF ; ð1Þ

where ΔF is the free energy difference between the thermal states
associated with the Hamiltonians H and ~H. In the absence of
degeneracies, this implies that the vector formed by the D2

−1
measured probabilities belongs to a D2

−2 dimensional hyper-
plane: the ‘Jarzynski manifold’ (as shown in Supplementary
Note 1, further constraints restrict this dimensionality to (D−1)2).
With the QWM we measure P(w) for different driving fields
showing that all probability vectors belong to the same manifold.
By characterising this manifold, we not only verify the identity
but also independently estimate the free energy difference
ΔF1,3–5.

The work distribution sampled by the QWM10, 19–21 is:

PðwÞ ¼
X

n;m

pnpmjn δ½w� ð~Em � EnÞ�: ð2Þ

Thus, P(w) is the probability density of finding the energy
difference w after a measurement of H followed by an
intermediate driving US and a final measurement of ~H. This is
indeed the case if pn is the probability of obtaining En when
measuring H and pm|n is the probability of obtaining ~Em when
measuring ~H given that En was detected at the beginning.
Equation (2) defines a probability density that is independent of
the initial coherences in the energy basis. For the discrete D2

values of w we will use P(w) to denote the probability (not the
density) of each w. The concept on which our QWM is based was
first discussed in refs. 17, 22 where it was noticed that the work
done on S, can be detected by performing a generalised quantum
measurement, which enables the number of outcomes to be larger
than D. This can be done by entangling S with an ancilla A that
stores a coherent record of w. Then a standard measurement on S
can reveal w. Similar strategies have been later studied and
extended to other contexts in refs. 22–24.

Design and operation of the QWM. A pictorial representation of
the protocol we follow to operate the QWM is shown in Fig. 1a.
The QWM is designed to measure the work done on a system S
whose Hamiltonian changes from H to ~H and which is subjected
to a driving US in between. We couple S to a continuous variable
system A and use ẑA to denote its position (the generator of
translations along the momentum p). A coherent record of w is
created by an ‘entangling interaction’ between A and S that must
take place before and after the driving US . The unitary operators
representing these interactions are: U ¼ e�iλẑA�~H=�h and
~U ¼ eiλ ẑA�

~H=�h, where λ is a coupling parameter. Thus, U and ~U
respectively translate A along p by a displacement proportional to
(−λH) and λ~H. Then, as shown in detail in Supplementary Note 3,
the final measurement of p on A yields a random result whose

distribution PAðpÞ is a smeared version of the true work dis-
tribution P(w) defined in Eq. (2). In fact, outcome p is obtained
with a probability density PAðpÞ ¼

R

dwPðwÞf ðp� λwÞ, where
the window function f ðpÞ ¼ pjϕh ij j2 is fixed by ϕj i, the initial
state of A (thus, by localising ϕj i we improve the accuracy in the
estimation of P(w)).

A ‘universal’ QWM is an apparatus which can measure w and
sample P(w) for any possible choice of H and ~H. To build it,
we need enough control to enforce the entangling operators U
and ~U for any choice of H and ~H. Remarkably, this is achieved for
a 2-level system by the atom chip implementation we describe
below.

Experimental implementation of the QWM. To describe
our QWM we should identify the physical systems representing
S and A, the way in which H and ~H can be chosen, and how
the associated U and ~U are implemented. In our experiment
we represent S by the subspace associated with the Zeeman
sublevels 1j i � F ¼ 2;mF ¼ 1j i and 2j i � F ¼ 2;mF ¼ 2j i of
a 87Rb atom that, as in ref. 18 behaves as a two-level
system (see below). The motional degree of freedom of the
atom plays the role of A.

A key element of the QWM presented here is the atom chip25,
which efficiently entangles the internal and motional degrees of
freedom of an atom just ~100 μm away from the atom chip
surface, through short and strong Stern-Gerlach type magnetic
gradient pulses. These pulses are generated using a 3-current-
carrying wire setup on the atom chip surface (described in ref. 26

and the Methods section). A gradient pulse along the z direction
with amplitude B0 and duration τ, induces a momentum kick
mFδp on an atom in the mF state (δp � μBgFB

0τ, where μB and gF
are, respectively, the Bohr magneton and the Landé factor18). The
evolution of the state of the atom induced by such a pulse is
described by the unitary operator Up ¼ ei δp ẑA�σ̂=�h, where
σ̂ ¼ 1j i 1j þ 2j2h i 2h j. This physical operation translates A along
the momentum p by a displacement δpσ̂ (notice that the operator
σ̂ defines the magnetic dipole moment of the atom since
σ̂ ¼

P

m¼1;2 m mj i mh j). As described below, we apply two
gradient pulses with different amplitudes (B0 and ~B0) and
different durations (τ and ~τ). Thus, defining H ¼ Eσ̂ and
~H ¼ ~Eσ̂, Up and ~Up implement the required entangling operation
U and ~U , respectively. In this implementation λ is consequently
replaced by −δp/E and δ~p=~E, enforcing ~E=E ¼ �δ~p=δp. The
momentum kicks induced by both pulses are controlled in the
experiment, and consequently, by fixing their ratio, we can
simulate an arbitrary system with initial and final Hamiltonians H
and ~H which are characterised by ~E=E having the same ratio.
Finally, let us note that the two pulses utilise B0 and ~B0 with
opposite signs to ensure that the sequence creates a record of
work corresponding to ~Em � En.

To achieve universality we only need to be able to fix the
energy splitting E and ~E of H and ~H, as well as their eigenbasis.
The traces of H and ~H (the sum of their eigenvalues) do not affect
P(w) but only add a constant to all values of w. As arbitrary E and
~E can be simulated and any change of basis can be absorbed into
US , we conclude that our atom chip QWM can sample P(w) for
an arbitrary 2-level system and is thus universal.

The 87Rb atoms are magnetically trapped in state 2j i and
evaporatively cooled to a Bose–Einstein condensation (BEC). The
BEC is released from the trap and a radio-frequency (RF) pulse is
used to prepare a superposition of 1j i and 2j i. A strong
homogeneous magnetic field (created by external coils)
suppresses the transitions taking 1j i into the 2; 0j i state (due to
the non-linear Zeeman effect18). The initial populations (p1 and
p2) are chosen so that the temperature is determined via βE= ln
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(p1/p2). The initial motional state is a wave-packet localised in
position and momentum.

It should be noted that the initial internal state of the atom,
while having the same populations as defined by the temperature
of a thermal state, is still a pure state. However, the quantum
coherences of this initial state do not affect the results of the
QWM. As explained in Supplementary Note 3, the contribution
of the initial coherences to the final probability is multiplied by
the overlap between the motional states of the atom associated
with the different values of work. Thus, when the atomic clouds
associated with the different work values are well separated, the
effect of initial coherences is negligible. In this regime, our
experiment gives the same result as the one we would obtain by
preparing an initial thermal state (with no coherences). The study
of the importance of the initial coherences in the definition of
work is an interesting topic in itself, which is beyond the scope of
our paper (see, for example, refs. 24, 27–30).

The experimental sequence, presented in Fig. 1b, is: (i) prepare
the initial state and release the cloud (which then freely falls along
z, the direction of gravity), (ii) apply the magnetic gradient U
along z, (iii) apply the driving US by exposing the atoms to a RF
field resonant with the Zeeman splitting induced by the
homogeneous bias field, (iv) apply the gradient ~U , (v) obtain an
image of the four clouds after a time-of-flight and count the
number of atoms in each cloud. More details of the experiment
can be found in the Methods section and Supplementary Note 3.
For the experimental demonstration presented here we set the
ratio between the measured momentum kicks induced by the two
pulses to �δ~p=δp ¼ 0:56± 0:02. Hence, our realisation of the
QWM samples the work distribution of a simulated system in
which the energy splitting is reduced to 56% of its original value,
from E to ~E, while driven by US .

Figure 1c shows a typical image obtained by the QWM. Four
clouds are visible. From the positions of the centre of each cloud,
z, we infer the total momentum shift, p, induced by the pulses on
that cloud (we take into account both the free fall and the kicks
induced by the pulses, see Supplementary Note 3). Then, we
obtain the corresponding value of work as w ¼ Ep=δp (w is
proportional to E, whose value, together with the measurement of
the remaining quantities, determine the work w). Furthermore,
the probability P(w) for each w is directly measured by the
number of atoms in each cloud. Notably, this experiment
determines the entire P(w) distribution in a single shot.

Testing the Jarzynski identity. We repeat the experiment fixing
the timing, duration and pulse strength. We consider three initial
β’s and vary the intermediate driving US by changing the
duration of the RF field. In this way, we obtain many sets of
probability distributions, each of which defines a 3D-vector
(as there are three independent probabilities). When we represent
all these vectors in the same 3D-plot, we find that they all
belong to the same β-dependent manifold. Figure 2a shows that
this manifold is a β-dependent line (the dimensionality of this
‘Jarzynski manifold’ is (D−1)2, which in this case equals 1).

Using the measured work probabilities we calculate
the exponential average of the work he�βwi for each driving
field. Figure 2b displays the value of G ¼ �ln e�βw

� �� �

¼
�ln

P

w e
�βwPðwÞ

� �

as a function of the duration of the
intermediate RF field, that parametrises US . As established by
the Jarzynski identity, G is independent of the driving field and
only depends on β. The horizontal lines in Fig. 2b are the
theoretically predicted values of βΔF, obtained from a direct
calculation (with its own theoretical uncertainty, due to the error

0.0

0.0

0.0

–1.2
0 10 20 30 40

�E = 0.58

�E = 1.11

�E = 1.75

�E = 0.58

�E = 1.11

�E = 1.75

50

- RF duration (�s)

–1.0

–0.8

–0.6

–0.4

�
Δ
F

 (
th

e
o
ry

)

–
In

 〈
e

–
�
w

〉 
(e

x
p
e
ri

m
e
n
t)

–0.2

–1.2

–1.0

–0.8

–0.6

–0.4

–0.2

0.4

0.4

0.4

0.3

0.3

0.6
P (w

11)
P (w21

)
0.8

1.0

0.2 0.2

0.2

0.1

0.1

P
 (
w

1
2
)

a b

Fig. 2 The Jarzynski identity. a Each point defines a probability vector (with its experimental error) measured for a certain driving. The three lines

correspond to three temperatures: βE ¼ 0:58±0:02 (blue circle), 1.11± 0.02 (red square) and 1.75± 0.04 (grey triangle). For each temperature all

points lie in the same Jarzynski manifold (which in this case is a line). Reported errors are the SEM of three independent experiments with the same

initial parameters and driving. The projections onto the three different axes of the probabilities are shown in detail in Supplementary Fig. 2.

b �lnhe�βwi ¼ �ln
P

w
e
�βw

PðwÞ
� �

becomes independent of the duration of the intermediate driving (for three temperatures). The dots are the calculated

values using the measured work distribution in the Jarzynski identity, and the solid line is the theoretical estimate of βΔF (with an uncertainty due to the

uncertainties in the temperature and energy splitting). Error bars are the SEM

Table 1 Estimates of βΔF and ΔF for three different temperatures

βE βΔF (JI) βΔF (PF) ΔF/E (JI) ΔF/E (PF)

0.58± 0.02 −0.36± 0.04 −0.35± 0.03 −0.62± 0.07 −0.60± 0.06

1.11± 0.02 −0.63± 0.05 −0.63± 0.04 −0.57± 0.05 −0.57± 0.04

1.75± 0.04 −0.92± 0.09 −0.93± 0.06 −0.53± 0.05 −0.53± 0.04

We show the estimation obtained using the Jarzynski identity (JI) and from a direct calculation of the partition function (PF)
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in the estimation of βE). This calculation simply involves
computing the initial and final partition functions, respectively,
denoted as Z and ~Z, and using the identity βΔF ¼ ln Z=~Z

� �

. We
find, as the Jarzynski identity establishes, G= βΔF. From Fig. 2b
one can notice that the largest errors in the estimation of βΔF
appear for βE= 1.75. In this case, PðwÞ≲0:1 for two values of w
and, therefore, the relative error in the atom number estimation is
large, inducing a larger error in the estimation of βΔF.

In Table 1 we compare the measured and estimated values of
βΔF. The uncertainty in the estimation of βΔF and ΔF is close to
10%, which is enough to distinguish the three values of βΔF. On
the other hand, in the case of ΔF, there is a significant overlap in
the measured values which does not allow to properly distinguish
between the three different cases due to the error in the
estimation of βE.

Discussion
We presented and implemented a QWM, a new device directly
sampling the work distribution on an ensemble of cold atoms.
Our QWM can be used to simulate the behaviour of an arbitrary
2-level system. We implemented it with an atom chip and verified
the Jarzynski identity over a wide range of non-equilibrium
processes. This is the first experiment, and so far the only one,
directly sampling P(w) offering advantages and different per-
spectives over previous work-measurement schemes. Remarkably,
in this cold atom experiment, the QWM extracts full statistical
information about the work distribution in a single shot.

Methods
Initial state preparation. After preparing the BEC, a homogeneous magnetic field
of 36.7G (25 hMHz/μB, where h is Planck’s constant) is used to push the transition
to 2; 0j i out of resonance by ~180 kHz due to the non-linear Zeeman effect, which
is larger than the power broadened driving RF field of US . This ensures that the
atoms behave as 2-level systems. The BEC is released from the trap and a RF
pulse is used to prepare a superposition of 1j i and 2j i. By varying the relative
populations we consider three different pseudo-thermal states. The initial motional
state is a wave packet ϕj i, well localised at z0= 91± 1.2 μm from the chip with
momentum ~0.

Entangling operations and measurement. An inhomogeneous magnetic field is
used to couple spin and motional degrees of freedom. This is generated by a
current I= 0.85A in the 3-wire setup during a time τ. The three parallel gold wires
lie on the x direction of the chip surface (Fig. 1b). They are 10 mm long, 40 μm
wide and 2 μm thick. Their centres are at y= −100, 0, 100 μm and the same current
runs through them in alternating directions (−I, I, −I, respectively), creating a 2D
quadrupole field at z= 98 μm below the chip. After a time of flight of 2.4 ms the
atoms are at z ~ 119 μm. At this point the first gradient pulse implements U: τ= 40
μs with an amplitude of B0 � 95G/mm, such that the momentum kick is along +z.
Then, after 3.1 ms the atoms are at ~z � 0:3mm and the second gradient pulse
implements ~U : ~τ ¼ 300 μs, ~B0 � �7:5G/mm, such that the momentum kick is
along −z (since the gradient direction is inverted for z > 200 μm). The relative
strengths of the spin-dependent forces sets the energy splitting of the Hamiltonians
which in this case is on average ~E=E ¼ �~δp=δp ¼ 0:56± 0:02 (this is the measured
value, where the error takes into account fluctuations in the initial position of the
cloud and in the gradient pulses). In between the entangling operation US is
applied with a RF pulse. Finally, an image of the atomic clouds is obtained after a
time-of-flight of 18.2 ms after the second gradient (the clouds are centred around z
~ 3mm). The position and number of atoms of each cloud are determined. The
momentum shifts of each cloud (that codifies the value of w) are obtained from the
difference in positions between the clouds, that follow approximately classical
trajectories (Supplementary Note 3).

Uncertainties. The main source of position error is the initial distance of the cloud
from the atom chip, whose uncertainty is ~ 1%. This error is later translated to
momentum uncertainty, since the field gradients are position dependent. The field
gradients have a fractional uncertainty of 10−3 due to current fluctuations18. The
central position of each cloud is estimated by fitting a Gaussian profile. Each work
probability is estimated as a normalised sum of the measured optical density in a
relevant region around the cloud, introducing a probability uncertainty (due to
atom numbers uncertainty). Our ~5 μm optical resolution also induces an error in
the determination of the position for each cloud. We perform three different runs
for each combination of initial state population ratios and intermediate driving and

use the average values of position and probability. This gives us a position
uncertainty of ~0.015 mm and a probability uncertainty of ~0.015 (standard error).

Data availability. The data that supports the findings of this study are available
from the corresponding author upon request.
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 .'ונטיתכבידה קלאסית וקוהתקבלו לפירסום בכתב העת 'בנושא זה. תוצאות אלה 

 

ו עוסקים בקוהרנטיות של , אנ(Cהמאמר מצורף בנספח ) 4בפרויקט השלישי, המוצג בפרק 

-גרלך. מספר עבודות תיאורטיות קודמות ניבאו כי פעולתו של אינטרפרומטר שטרן-אינטרפרומטר שטרן

דיוק ליצור שדות מגנטיים בגרלך לא יכולה להיות קוהרנטית מכיוון שמגנטים מאקרוסקופיים לא יכולים 

ת למאוד של קוהרנטיות בפעו מסוגלים להראות רמה גבוההאנו במעבדה . לעומת זאת, הנדרש

גרלך בעלת -האינטרפרומטר. בפרק זה אנו מנתחים בפירוט תבנית התאבכות של אינטרפרומטר שטרן

גרלך -באינטרפרומטר שטרן נצפתה ראות גבוההנראות גבוהה )למיטב ידיעתנו זו הפעם הראשונה בה נ

תחת השפעה של גרדיאנטים , משמע באמצעות אטומים המתקדמים באופן חופשי שהוצע במקורכמו 

( אנו משיגים זאת באמצעות שדות מגנטיים מדויקים .מגנטיים המיוצרים על ידי מגנטיים מאקרוסקופיים

על ידי השבב האטומי, דבר המבטיח פעולה קוהרנטית למרות אילוצים קפדניים המתוארים הנוצרים 

וודאות. לבסוף, אנו מפרשים את ה-ניתוחים תיאורטיים קודמים, כולל הגבלות שמקורן בעקרון איב

-(. העובדה כי אינטרפרומטר שטרןtime irreversibilityהפיכות של הזמן )-הניתוח שלנו במסגרת אי

תיאורטיות שצוינו לעיל לאפקט העבודות הגרלך לא יכול להשיג רמה גבוהה של קוהרנטיות יוחס על ידי 

שלנו כבוחנות את  נו עשויים לפרש התוצאותהפיכות הזמן באינטרפרומטר זה, וכתוצאה מכך א-של אי

 .הפיכות הזמן בהקשר זה. תוצאות אלה הוגשו לפרסום-אי

 

, אנו משתמשים בגרדיאנטים המגנטיים המדויקים שפותחו (Dהמאמר מצורף בנספח ) בפרויקט הרביעי

, אלא גרלך )אף על פי שאנו לא משתמשים באינטרפרומטריה בפרויקט זה-עבור אינטרפרומטר שטרן

(, על מנת לחקור תרמודינמיקה קוונטית. באמצעות שיתוף פעולה עם קבוצה תיאורטית רה קוונטיתבשזי

חואן פאבלו פז(, אנו מציגים את היישום הראשון של "מד עבודה קוונטי" הפועל קבוצתו של מארגנטינה )

ופן ישיר על צבר של אטומים קרים. מכשיר זה לא רק מודד באופן ישיר את העבודה, אלא גם דוגם בא

. אנו מדגימים את פעולתו של כלי חדש זה, ומשתשמשים בו כדי של העבודהאת התפלגות ההסתברות 

(. תוצאות אלו פורסמו The Jarzynksi identityלאמת את הגרסה הקוונטית של 'זהות ג'רזינקסי' )

 נייצ'ור קומיוניקיישנס.ב

 

 גרלך.-אינטרפרומטר שטרן ו שלמסקנות קצרות, והתבוננות לעתידמציג , אני 5בפרק 

 



 

 תקציר

בעשורים האחרונים, אינטרפרומטריה אטומית הפכה לכלי חשוב עבור ניסויים בסיסיים וכן לניסויים 

פיזיקה אטומית, אופטיקה קוונטית, ומטרולוגיה. אינטרפרומטריה אטומית בבתחומים מגוונים  ,יישומיים

ותאוצה סיבובית, להבנה טובה יותר של  ,משמשת, למשל, למדידות בדיוק גבוה של תאוצה, כבידה

של תורת היחסות ולמדידות מדויקות של קבועים יסודיים בפיסיקה וכן אובדן קוהרנטיות קוונטית, 

הכללית. אחד הכלים האפשריים עבור אינטרפרומטריה אטומית הוא השבב האטומי, המאפשר רמה 

 .ה של שליטה מרחבית וזמנית על שדות אלקטרומגנטיים מקומייםגבוה

 

בעבודת הדוקטורט שלי השתמשתי בסוג חדש של אינטרפרומטר אטומי המבוסס על השבב האטומי: 

גרלך. בתיזה זו אני מתאר כיצד שיפרנו את פעולת האינטרפרומטר על פני מה -אינטרפרומטר שטרן

גים שלנו בעת השימוש בו במספר פרוייקטים שונים. שני ההישאת שהודגם בעבר במעבדה שלנו, ו

מערכת הניסיונית; הפרקים הבאים מתארים ואת ה ,הפרקים הראשונים מציגים את הרקע לעבודה שלי

 דת הדוקטורט שלי.ואת הפרויקטים השונים שבוצעו במסגרת עב

 

-, אנו משתמשים באינטרפרומטר שטרן(Aהמאמר מצורף בנספח ) 3בפרויקט הראשון, המוצג בפרק 

די להדגים כלי חדש לחקר השפעת הזמן בממשק של תורת היחסות הכללית ומכניקת הקוונטים. גרלך כ

עצמית, המורכב משני מצבי ספין אטומיים. אנו מכינים את השעון -לשם כך אנו משתמשים בשעון מתאבך

ל בצורה קוהרנטית לאורך שני נתיבים א ותבסופרפוזיציה מרחבית של פונקציות גל קוונטיות, המתפתח

תבנית התאבכות יציבה )למיטב ידיעתנו זו הפעם הראשונה ששעון אטומי קוונטי הוכן במצב של 

סופרפוזיציה מרחבית(. כאשר אנו גורמים לשני חלקי פונקצית הגל של השעון "לתקתק" בקצבים שונים 

 תורת היחסות הכללית, קריאת השעון של כל נתיבשהיית הזמן הכבידתית של על מנת לדמות את ה

"(, which-path information)" אותו לקח חלק זה של השעון באינטרפרומטר יוביל למידע לגבי הנתיב

של תבנית ההתאבכות. לעומת זאת, במכניקת הקוונטים ( visibilityהנראות )מה שיגרום להנמכת 

מתקתק באותו קצב בכל המקומות זמן ה, שהיית הזמן הכבידתיתהבהסטנדרטית שאינה מתחשבת 

כתב אותו לקח החלקיק המתאבך. תוצאות אלו פורסמו ב אינו יכול להניב מידע על הנתיבחב ולכן במר

 העת סיינס.

 

, ניסיונית, אנו מגדירים באופן תיאורטי, וכן מדגימים בצורה (Bהמאמר מצורף בנספח ) בפרויקט השני

היחסות ( חדש לשעונים קוונטיים בהקשר של תורת complementarity relation' )משלימות'יחס 

הכללית. אנו מנתחים יחס זה בפירוט ומציגים מקרים מיוחדים. הניתוח שלנו מדגיש עיקרון בסיסי ביחסי 

הגומלין בין תורת היחסות הכללית לבין מכניקת הקוונטים ויכול לשפוך אור על הדיונים המתמשכים 



 הצהרת תלמיד המחקר עם הגשת עבודת הדוקטור לשיפוט

 ה בזאת:מצהיר/ אני החתום מטה

 

 חיברתי את חיבורי בעצמי, להוציא עזרת ההדרכה שקיבלתי מאת מנחה/ים.

 

 .מתקופת היותי תלמיד/ת מחקרהחומר המדעי הנכלל בעבודה זו הינו פרי מחקרי 

 

הנהוגה  בעבודה נכלל חומר מחקרי שהוא פרי שיתוף עם אחרים, למעט עזרה טכנית

בעבודה ניסיונית. לפי כך מצורפת בזאת הצהרה על תרומתי ותרומת שותפי   למחקר, 

 שאושרה על ידם ומוגשת בהסכמתם.

 

 

 

 __חתימה ___________:יאיר מרגלית,   שם התלמיד/ה   ,2018במרץ  5 :תאריך
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