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Abstract

In my Ph.D. studies I have worked on three main projects, which I describe
in this thesis. In the main project we realized the first viable version of
the old idea of a Stern-Gerlach matter-wave beam-splitter. Our scheme
utilizes pulsed magnetic field gradients, generated by currents in an atom
chip wire, and radio-frequency Rabi transitions between Zeeman sub-levels.
We transform an atomic Bose-Einstein condensate into a superposition of
spatially separated propagating wavepackets and observe spatial interference
fringes with a measurable phase repeatability. The results are published in
Nature Communications and presented in chapter 3, after briefly describing
the background of this thesis in chapter 1 and giving an overview of the
experimental setup in chapter 2.

In another project we investigated the effect of colored noise, which always
exists in the lab as a background noise, on trapped atoms close to the atom
chip. We observed asymmetric transition rates between Zeeman levels (spin
flips) of magnetically trapped atoms. The asymmetry depends strongly on
the spectral shape of the noise. This effect arises from the interplay between
the internal states of the atoms and their external degrees of freedom, since
different trapped levels experience different potentials. The results, which
were published in Physical Review Letters, are presented in chapter 4.

The last project, whose results are published in Physical Review A and
presented in chapter 5, is a feasibility study of magnetic trapping of cold
atoms by single-wall carbon nanotubes grown directly on dielectric surfaces.
We show that atoms may be captured for experimentally sustainable nanotube
currents, generating trapped clouds whose densities and lifetimes are sufficient
to enable detection by simple imaging methods. This opens the way for
a different type of conductor to be used in atom chips, and enables atom
trapping at a sub-micron distances from the surface.

Finally, as an outlook (chapter 6), I present ideas and plans for future
experiments concerning atom interferometry on an atom chip. First I study
different possible realizations of the new type of beam-splitter presented in
this thesis and a few schemes for implementing atom interferometry utilizing
this novel device. I then present a design for a new chip to generate a
local potential barrier that transforms a harmonic trap into a double-well
potential.
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Preface

Interferometry is a measurement technique based on the phase difference
between waves. It was used already in the 17th century in order to support
the claim that light is a wave and not a stream of particles. Optical interfer-
ometry is a well-established field. It uses the phase differences to measure
optical length differences. On the other hand, interferometry with matter-
waves is still in its infancy. Since the phase of de-Broglie waves of massive
particles is extremely sensitive to forces acting on the particles, matter-wave
interferometry may serve as a powerful tool for measuring potentials and
forces. Interferometry is used as a sensitive tool for investigating fundamental
physics (for example, testing the equivalence principle of general relativity or
measuring the phase fluctuation along a 1-dimensional Bose gas) as well as
for realizing technological applications (for example, measurement of linear
acceleration and rotation).

In order to produce a matter-wave interferometer, the internal and exter-
nal degrees of freedom of the atoms should be controlled and manipulated.
This can be done with light or magnetic fields. Interferometers based on
light beam-splitters put the atoms in a superposition of momentum states.
Interference experiments based on magnetic field beam-splitters have been
limited so far to the splitting of trapped atoms into two trapped clouds in a
double-well potential. The main advantage of splitting atoms in a trap or a
waveguide is the possibility of thereby controlling the motion of both outputs
of the beam-splitter and manipulating each one of them independently. The
atom chip is an ideal tool for precise small-scale control and manipulation
using magnetic fields.

Coherent splitting on an atom chip was first realized with light. Splitting
with magnetic fields was first demonstrated by the Schmiedmayer group
in Heidelberg (now located in Vienna). They used a combination of a
static magnetic trap and a magnetic field alternating at radio frequencies
to transform a single well into a double-well potential, and to split a Bose-
Einstein condensate (BEC) into two clouds. Since then, splitting of a BEC
has been demonstrated on an atom chip using microwave radiation, and
first indications for coherent splitting were also shown by using only static
currents for the creation of the double-well potential.

In this work we choose a different approach, which uses magnetic gradi-
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ents for momentum splitting and combines some of the characteristics and
advantages of both light and magnetic beam-splitters. This approach is
inspired by the original Stern-Gerlach (SG) experiment. In the SG effect, an
atom possessing a spin is exposed to a magnetic gradient and is thus acceler-
ated in a direction which is dependent on its spin projection. If the atom
is in a superposition of spin states, it will be split into different momentum
states, which will transform into different paths. This idea forms the basis
for the SG interferometer. Almost a century of attempts to realize this type
of interferometer failed due to the high sensitivity and accuracy needed for
this kind of splitting. The SG interferometer drew theoretical attention from
physicists like Heisenberg, Wigner, Bohm, Lamb, and Scully, who estimated
that this kind of interferometer will require such a high level of accuracy
that it is impractical. By modifying the original idea, we split a BEC and
showed that the two outputs of our new beam-splitter are coherent.

The physical mechanism that lies at the heart of the SG effect and of our
beam-splitter is the interplay between internal spin dynamics and external
motion of the atom, due to different interaction of the Zeeman sublevels with
the external magnetic gradients. This mechanism is a key feature in another
project reported in this thesis, which studied the effect of noise on transitions
between atomic levels with state-dependent potentials. The experimental
configuration of this secondary project is the basis for our implementation of
the SG beam-splitter.

Further improvements of the SG beam-splitter may involve the manipu-
lation of atoms with magnetic fields yet closer to the chip. This proximity
is limited by noise emitted from the chip, atom-surface interactions, and
imperfections in the trapping potentials. These limitations were investigated
theoretically in an additional project, the last one reported in this thesis,
and the replacement of the trapping gold wire with a carbon nanotube was
suggested as a solution.
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Chapter 1

Background

1.1 Introduction

In matter-wave interferometry, which is based on the same principles as light

interferometry, particles are put in a superposition of separated paths and the

phase difference along the paths is used for accurate measurements. It has

some significant advantages over interferometry with photons, since massive

particles like atoms are much more sensitive than photons to potentials

and forces. The development of matter-wave interferometry in the early

1990s [1, 2] gave rise to important applications in precision measurements of

rotation, gravitation and linear acceleration [3–5] for fundamental physics

[6–8] as well as for practical use [9, 10]. These applications are based on

cold atoms in a thermal (incoherent) state, which are split by a precise

momentum transfer from laser beams. The realization of Bose-Einstein

condensation (BEC) in 1995 provided a new source of coherent matter-

waves whose properties are in some ways similar to optical laser beams. As

such, interferometry-based measurements of the BEC state (e.g., many-body

physics [11]) and its coherence properties (e.g., decoherence and entanglement

[12, 13], quantum metrology [14], etc.) provide an interesting field of research.

Bose-Einstein condensation is a century-old prediction [15–17], which was

demonstrated experimentally only in 1995 [18, 19] and which was awarded

the Nobel Prize in 2001 [20, 21]. Bosonic atoms condense into a BEC when a

macroscopic number of atoms occupies the same spatial and internal single-

particle wave-function at a non-zero temperature. This new state of matter

opened the door for many research fields, which range from fundamental in-
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2 Chapter 1. Background

vestigation of the BEC state (many-body interactions [22–25], propagation of

sound-waves [26–28], etc.) to quantum simulations of solid-state phenomena

(Mott insulator [29, 30], Josephson junction [31, 32], Anderson localization

[33–35], BEC-BCS transition [36, 37], etc.), and all the way to the physics of

black holes [38] and the early universe [39].

In order to create a BEC, an atomic cloud should be trapped and cooled to

the phase transition temperature. Many experiments use optical potentials to

trap the cold cloud [40], while others use magnetic potentials via the Zeeman

interaction [18]. A combination of both has also been implemented [19]. The

magnetic fields can be produced from outside the vacuum chamber with

relatively simple potentials [41, 42], or from within the chamber [43] which

can lead to very complex potentials. The latter idea provides the basis for the

development of the atom chip [44–46]. The atom chip is typically constructed

on a silicon wafer, with current-carrying gold wires micro-fabricated on top.

Since the fabrication process is flexible, the shape of the wires can be freely

chosen in order to create the needed magnetic potentials for control and

manipulation of the BEC.

In atom chip experiments, atoms can be situated as close as 1µm or less

from the chip surface [47]. Putting the atoms so close to the surface, and to

the trapping wires, has advantages such as high potential gradients and the

possibility of investigating short distance atom-surface interactions. On the

other hand, disadvantages include among other things, the noise emitted by

the surface [48], or the sensitivity of the atoms to small imperfections of the

current flow in the chip wires. These small imperfections cause fluctuations

in the magnetic potential, which are able to mask the probing of the desired

phenomena [49–51].

In this chapter I present the background for matter-wave interferometry

that is relevant to the results presented in this thesis. Furthermore, I describe

the theory behind the cooling and trapping methods we use in the experiment

and the mathematical equations that describe the phase transition to BEC.

I also present the atom chip, and key features of the rubidium atom in the

high magnetic fields that we use in the experiments.

1.2 Interferometry with cold atoms

Cold atom interferometry was first implemented only two decades ago [1, 2].

By now it forms the basis for some of the most accurate sensors for funda-
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mental physics [6–8, 52] and technological applications [5, 9, 10]. Splitting of

matter-waves for interferometry can be done by momentum transfer [1, 2] or

by a local potential barrier [53, 54]. Momentum splitting is done by shining

two laser beams on the atoms, generating absorption from one beam and

stimulated emission to the other beam through a virtual excited level. This

can be done while invoking an internal state change (by a Raman process) or

without it (by Bragg scattering). The momentum difference is k1−k2, where

k1 and k2 are the wave-vectors of the two laser beams and where usually

k1 ≈ −k2. For Raman transitions, tuning the lasers’ pulse length can create

a π/2 pulse resulting in a superposition of two equally-populated momentum

components, but for Bragg pulses at least three momentum components are

created, 0 and ±(k1 − k2). The high accuracy of the momentum splitting

derives from the high accuracy of the lasers frequencies.

Splitting by local potential barriers can be done by light [32, 53, 55],

static magnetic fields [56], or a combination of static magnetic fields with

radio-frequency (RF) [54] or microwave [57] fields. These methods are based

on adding a barrier in the middle of a harmonic trap. The more common

method is to couple the Zeeman sublevels using RF radiation and to create

a barrier in the middle of the trap, which can be controlled by the detuning

and amplitude of the RF radiation [54]. Interferometry with a BEC allows

the investigation of the BEC properties and dynamics, such as 1-dimensional

physics [11] and prethermalization [25] in a Bose gas. BEC interferometry

can also be used for investigating decoherence and entanglement [12, 13] and

for measuring potential differences between the two potential wells [54, 55].

One of the tools for atom interferometry is the atom chip ([44–46] and

Sec. 1.4). The high level of spatial and temporal control of local fields

makes it an ideal tool for splitting a BEC, and indeed, different methods

use the atom chip. These methods range from momentum splitting using

laser light [58, 59] to splitting by local potential barriers using magnetic

fields [54, 56, 57]. In spite of the many different schemes for implementing

atom interferometry in general, and matter-wave beam-splitters in particular,

practical schemes for interferometry with a wide dynamic range and versatile

geometries are yet to be realized. One example is the separation of a BEC

in a double-well potential where a coherent separation to a large distance

has not been achieved yet. Another example is the Sagnac interferometer

where, while many proposals exist [60–64], the experimental implementation
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is still lacking [65, 66].

1.3 Ultra-cold Bose gas

The theory behind the transition to BEC, and the way to reach this transition

experimentally, is very well documented (see for example [67–69] and my M.Sc.

thesis for experimental details [70]). Here, I present briefly the theoretical

background for the specific procedure we use in the experiment and the final

wave-function of the resulting BEC. A more detailed technical description of

the procedure is presented in chapter 2. In short, it consists of a magneto-

optical trap (MOT) of 87Rb atoms, which are collected from the background

room-temperature gas. We then transfer the atoms into a magnetic trap

where we reach the transition to BEC with forced radio-frequency (RF)

evaporative cooling.

1.3.1 Cooling to the phase transition

Laser cooling by a MOT is a very efficient way to cool room-temperature

atoms down to sub-mK temperatures. It consists of three pairs of counter-

propagating laser beams for three-dimensional cooling, and a magnetic

quadrupole for a space-dependent force – a trap. The physical concept of

cooling in the MOT is based on the Doppler effect. Let us consider the

motion along an axis defined by a specific pair of counter-propagating laser

beams. The laser beams are red-detuned from the atomic transition such

that the moving atom interacts (absorbs photons) mainly with the laser

beam propagating in the opposite direction due to the Doppler effect. The

counter-propagating laser beam, which propagates in the direction of the

atom, becomes even more red-detuned and can be neglected. The absorption

of photons transfers momentum from the laser beam to the atoms, thereby

slowing them. Subsequent spontaneous emission is randomly emitted and

after many cycles its contribution to the atomic momentum averages to zero.

This cooling mechanism has a temperature limit due to the finite band-

width of the transition. Below this temperature, the frequencies of both

counter-propagating lasers are within the transition width and the atom will

absorb photons from both directions. This limit is called the Doppler limit
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and its value is

TD =
~Γ

2kB
, (1.1)

which for 87Rb atoms corresponds to TD ≈ 150µK. Here ~ is the reduced

Planck constant, Γ is the transition width in s−1 and kB is the Boltzmann

constant. Cooling below the Doppler limit is possible and is based on the

complex structure of the atom (Zeeman sublevels) and the polarization of

the cooling lasers. The experimental demonstration [71, 72] of sub-Doppler

cooling and the theoretical explanation [73] was awarded the 1997 Nobel

Prize [74–76].

Another fundamental limit for laser cooling is the recoil energy of the

atom from the emission of a single photon such that

Tr =
(~k)2

2MkB
, (1.2)

where k = 2π/λ is the wavevector of a photon with wavelength λ and M is the

atomic mass. For 87Rb atoms Tr ≈ 350 nK. Reaching the recoil temperature

with laser cooling is experimentally challenging and, since it is usually above

the transition temperature to BEC, we stop laser cooling well before reaching

this limit, in order to keep the experimental cycle short and simple.

In order to reach the transition temperature, we load the atoms into a

“dark” magnetic trap (i.e., without lasers) and cool the cloud using forced RF

evaporative cooling. As a preliminary step, we pump all the atoms into a

magnetically trapped Zeeman sublevel. In the trap, RF radiation couples the

hottest atoms in the cloud to an untrapped sublevel. After the hottest atoms

are expelled from the trap, the cloud thermalizes to a lower temperature.

Repeating this procedure, while lowering the RF radiation frequency and

hence the relevant temperature of the expelled atoms, cools the cloud to the

transition temperature.

1.3.2 Transition to BEC

The transition from a gas with a Boltzmann distribution to a BEC is a phase

transition which occurs when a macroscopic number of atoms occupies the

ground state of the system. The fundamental phase transition to BEC is

usually derived for particles in a box (representing a homogeneous gas with

no external potential), see [77] for a derivation. However, in our experiments
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the atoms are interacting and are trapped in a harmonic trap, which is

described by an external potential in the Hamiltonian of the system. The

analysis of the transition for interacting atoms in a harmonic trap (and much

more) can be found in [68, 69].

Ideal Bose gas in a harmonic trap

A BEC of non-interacting atoms in a harmonic potential is a textbook prob-

lem. The single-particle ground state is a Gaussian ∼ exp[−M/(2~)
∑
ωxix

2
i ],

where xi = x, y, z, and the eigenenergies are

εnxnynz =
3

2
~ω̄ + nx~ωx + ny~ωy + nz~ωz, (1.3)

where ωx,y,z are the frequencies in the x, y, z directions, ω̄ = (ωx+ωy+ωz)/3,

and nx, ny, nz ≥ 0.

Finding the transition parameters requires starting with the grand canon-

ical formalism of an atomic cloud at temperature T . The total number of

atoms N is given by the sum

N =
∑

nx,ny ,nz

1

exp [β(εnxnynz − µ)]− 1
, (1.4)

where µ is the chemical potential and β = (kBT )−1. Separating the lowest

energy state from Eq. (1.4) and denoting its number of atoms by N0, using

µc = ε000 = 3~ω̄/2 which will preserve the atom number when T → 0, and

replacing the sum with an integral (valid as N →∞), one finds

N −N0 =

∫ ∞
0

dnxdnydnz
exp [β~(ωxnx + ωyny + ωznz)]− 1

. (1.5)

The solution of this integral, after changing variables (β~ωxnx = ñx), is

N −N0 = ζ(3)

(
kBT

~ωho

)3

, (1.6)

where ωho = (ωxωyωz)
1/3 is the harmonic oscillator geometric average fre-

quency, and ζ(n) =
∑∞

k=1 k
−n is the Riemann ζ function (see [68, 77] for

derivations). The power of 3 in Eq. (1.6) and n = 3 in the ζ function stem

from the fact that the energy of the trapped cloud in 3 dimensions is 3kBT ,

3/2 for the kinetic energy and 3/2 for the harmonic potential [ζ(3) = 1.202].
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The transition temperature is

Tc =
~ωho

kB

[
N

ζ(3)

]1/3

= 0.94
~ωho

kB
N1/3. (1.7)

Equation (1.7) is equivalent to

nλ3
dB = ζ(3), (1.8)

where nλ3
dB is the phase-space density which represents the number of atoms

in a cube with dimensions equal to the de-Broglie wavelength, defined as

λdB =

√
2π~2

MkBT
. (1.9)

This overlapping of the atomic wave-functions leads to the formation of

a macroscopic coherent superposition. In Eq. (1.8) the density is n =

N/(2πn̄hoσ
2
ho)3/2, where the volume of the gas is dictated by the trap, σho =√

~/Mωho is the harmonic oscillator ground-state size, and n̄ho = kBT/~ωho

is the average occupation number of a Bose gas at temperature T .

Interacting atoms: ground state

When the atoms are interacting, the Hamiltonian has an interaction term,

the inter-particle potential Vi(r− r′), in addition to the external potential

term Ve(r)

Ĥ =

∫
dr Ψ̂†(r)

[
− ~2

2M
∇2 + Ve(r)

]
Ψ̂(r) + (1.10)

+
1

2

∫
dr dr′ Ψ̂†(r)Ψ̂†(r′)Vi(r− r′)Ψ̂(r)Ψ̂(r′),

where Ψ̂†(r) and Ψ̂(r) are the creation and annihilation boson field operators.

The time dependent Ψ̂(r, t) can be written using the Heisenberg equation

i~
∂

∂t
Ψ̂(r, t) =

[
Ψ̂, Ĥ

]
(1.11)

=

[
−~2∇2

2M
+ Ve(r) +

∫
dr′Ψ̂†(r′, t)Vi(r

′ − r)Ψ̂(r′, t)

]
Ψ̂(r, t).

For dilute clouds, the interaction length is much shorter than the average

inter-particle distance. In addition, since the cloud is cold and it is in the
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ground state of the system, only s-wave collisions between two particles are

relevant. Using the above two assumptions, the interaction potential can be

approximated by

Vi(r
′ − r) = gδ(r′ − r), with (1.12)

g =
4π~2as

M
,

where as ≈ 5.45 nm is the s-wave scattering length of 87Rb. Considering that

all atoms are in the same state – a BEC – and that each atom interacts with

the mean-field potential produced by all the other atoms, Eq. (1.11) turns

into the Gross-Pitaevskii (GP) equation

i~
∂

∂t
φ(r, t) =

[
−~2∇2

2M
+ Ve(r) + g|φ(r, t)|2

]
φ(r, t), (1.13)

where φ(r, t) is the “wave-function of the condensate”, such that n(r) =

|φ(r)|2.

A time-independent version of the GP equation [Eq. (1.13)] can be found

using the ansatz φ(r, t) = φ(r) exp (−iµt/~)[
−~2∇2

2M
+ Ve(r) + gφ2(r)

]
φ(r) = µφ(r), (1.14)

where µ, the chemical potential, is equal to the energy of the single-particle

ground state, as in the non-interacting case.

Thomas-Fermi approximation

An interesting and very feasible limit is reached when the repulsive inter-

action energy is much larger than the kinetic energy or, equivalently, when

Nas/σho � 1. If the kinetic term is neglected in Eq. (1.14), the density

profile becomes

n(r) = |φ(r)|2 =


µ− Ve(r)

g
, Ve(r) < µ

0, otherwise.

(1.15)

This is known as the Thomas-Fermi (TF) approximation and the density

profile has an inverted shape of the trapping potential – an inverted parabola.

This situation is somewhat analogous to water “filling up” a vessel up to a
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point whose gravitational potential energy defines the chemical potential.

The normalization condition for n(r) relates the chemical potential to

the number of atoms

µ =
~ωho

2

(
15Nas

σho

)2/5

, (1.16)

and because n(r) ≥ 0, the size of the cloud is

RTF =
1

ωho

√
2µ

M
. (1.17)

1.4 The magnetic potential and the atom chip

Cooling of room temperature atoms through the phase transition to BEC uses

two main cooling methods. The first is the MOT, which combines magnetic

and light forces in order to pre-cool the room temperature atoms to sub-mK

temperatures and to trap them. The second is the forced evaporation, which

cools atoms in a purely magnetic trap to the transition temperature. Both

methods use magnetic potentials to trap the atoms. Here I briefly describe

how to magnetically trap neutral atoms, why we want to use the atom chip,

and what its limitations are.

1.4.1 Magnetic trapping of neutral atoms

Magnetic trapping of neutral atoms is based on the interaction of the magnetic

moment of the atoms µ with the magnetic field B

V = −µ ·B ≈ mF gFµB |B| , (1.18)

where mF and gF are the projection of the angular momentum of the atom

on the magnetic field axis and the Landé g-factor of an atom with total

angular momentum F , and µB is the Bohr magneton. The approximation is

that the atom’s spin always follows the magnetic field, and it is valid as long

as the Larmor precession frequency of the magnetic moment (equivalent to

the splitting frequency of the Zeeman sublevels)

ωL =
µB |B|

~
(1.19)
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Figure 1.1: Magnetic
potentials produced by
curved wires having a
U-shape (a) or a Z-shape
(b). The upper plots
show the wire itself, the
magnetic field lines due
to a current I in the
wire, and the bias field
Bb. The lower plots
show the wire and the
absolute magnetic field
in the radial and axial
directions of the trap.
Image taken from [44].

I

Bb

a)

I

Bb

b)

is larger than the rate of change of the magnetic field, namely an adiabatic

change of the magnetic field.

The magnetic field itself can be produced by permanent magnets [78, 79]

or by running currents in wires. In the latter case the magnetic field may be

calculated using the Biot-Savart law

B =
µ0

4π

∫
Idl× r̂

r2
, (1.20)

where µ0 is the vacuum permeability, I is the current, dl is a vector along

a wire element, and r is a vector from the wire element to the point where

the magnetic field is calculated. Equation (1.20) is valid for infinitely thin

wires. For wires of finite size Idl should be replaced with jd3x, where j is

the current density in a volume element d3x of the wire. When the wire can

be considered infinitely long and thin, the magnitude of the magnetic field

B at a distance r from the wire is (the direction of B is determined using

the right-hand rule)

B =
µ0I

2πr
. (1.21)

In order to create 3-dimensional potentials, one can use a wire with a

curved shape. In our experiment we use two wire configurations, a U- and

a Z-shaped wire. For both configurations, the magnetic field lines and the

absolute magnetic field are plotted in Fig. 1.1. In the MOT stage we use the

U-shaped wire for the quadrupole field, and the Z-shaped wire is used for a
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trap with a non-zero minimum.

1.4.2 Advantages of the atom chip and its limitations

An atom chip is typically structured on a silicon wafer with micro-fabricated

gold wires. Current in these wires creates the potential used for trapping

and manipulating the atoms. The advantages and the undesired phenomena

that follow from using the atom chip both stem from the proximity of the

atoms to the chip surface. High potential gradients near the current-carrying

wires are the main advantage, and limitations are due to imperfections in

the nearby surface and to the noise it emits.

Advantages

• High potential gradients

The main advantage is the high magnetic field gradient near the wires.

High gradients enable tight traps which in turn lead to new physical

systems and interactions, for example, the creation of 1-dimensional

Bose gases [11, 80, 81]. Tight traps also enable positioning small atomic

clouds close to the surface for investigating atom-surface interactions,

such as the Caimiar-Polder force [47]. This proximity can also enable

trapping and investigating interactions of the atoms with new kinds of

conductors, such as carbon nanotubes [82].

• Fine potential structures

As a rule of thumb, currents in a set of wires can give rise to magnetic

potentials with an engineered landscape having a spatial resolution

comparable to the atom-surface distance. This is why proximity to the

atom chip enables complex potential structures with fine details. For

example, transformation of a single trap into a double-well potential

(chapter 6 and [56]) or a lattice potential with a micrometer-scale

separation between the wells [83] can be achieved at a distance of a few

microns from the wires. More specifically, since the λdB of ultra-cold

atoms is on the order of 1µm, good control over the tunneling rate

requires a tunneling barrier with a similar width. Measurement of fine

potential details by atoms trapped close to conducting wires can also

enable the study of the nature of current flow in these conductors [84].

• Miniaturization

The proximity of the atoms to the potential source, the atom chip,
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leads to another important aspect of using the atom chip. The entire

apparatus can be miniaturized from a large table to a small device

[85, 86] with low power consumption. This is important for applications

that require portability [9, 64], in particular if one would like to perform

measurements with cold atoms in space [52, 87].

Limitations

• Potential corrugations

In atom chip experiments, atoms are trapped using currents in the chip

wires. If the chip wires are not smooth (roughness of the wire edges,

for example) the current flow is not parallel – it has perpendicular

components, which will affect the trapping potential. The atoms are

sensitive to these small modulations of the potential and this has

enabled sensitive measurements, leading to a new understanding of

current transport in the chip wire [84]. On the other hand, it can also

lead to the modulation of the atomic density and may even fragment

the cloud, an undesired effect. When the first atom chips were operated,

BECs were fragmented already at 100µm from the chip surface [49–

51, 88]. As the fabrication of atom chips advances, the wire quality

improves (the wires are smoother) and the perpendicular components

of the current are reduced, hence the density modulation appears

only at smaller heights. With today’s technology, the atoms can be

positioned a few tens of micrometers from the surface without noticeable

fragmentation, and there is theoretical work suggesting that atoms can

be trapped at a height of less than 1µm from the chip surface [82, 89].

• Noise

The proximity of ultra-cold atoms to the room-temperature atom chip

leads to increased absorption of electromagnetic radiation emitted by

the chip. The spectral components of the noise in the trap frequency

range (. kHz) can lead to heating of the BEC, and those in the Larmor

frequency range (∼MHz) [Eq. (1.19)] can cause the atoms to change

their spin and be lost from the trap. One source of this radiation is

the thermal motion of electrons in the conducting layer of the atom

chip (usually the gold wires and a mirror). This is known as Johnson

noise [44, 48, 82, 89, 90]. These random local currents create random

fluctuations in the magnetic field, which sum up to a spectral density

that depends on the distance to the surface h as 1/hn, where n accounts
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for the geometry (n = 1 for a full half space, n = 2 for an infinite layer,

n = 3 for a wire, etc.). Johnson noise can be a dominant source of loss

when the atoms are close to the chip surface. Another important source

of noise is due to technical reasons. The power supplies connected

to the chip wires do not transmit perfectly constant currents and

they have their own noise. In addition, the chip wires, and the wires

connecting them to the power supplies, serve as unwanted antennae for

background noise and emit this noise close to the atoms. This noise is

more dominant in the lower spectrum, up to the MHz regime.

1.5 Rubidium atoms in high magnetic fields

Most of the experiments I did, and their results, were based on the fact

that the atoms were exposed to relatively high magnetic fields. I have used

magnetic fields of about 20 − 30 G, which are easy to achieve. Such high

magnetic fields have two important effects. The first is that the Zeeman

interaction cannot be considered as a linear interaction any more, and the

second is that the high fields lead to relatively low trap frequencies, ∼ 100 Hz,

in which gravity starts to play an important role in the trapping potential.

In this section I describe both effects. An experimental benefit of the high

magnetic field is that the background noise is negligible for the relevant

Larmor frequency, which leads to low loss rates of the atoms. In addition,

the low frequency of the trap leads to a low heating rate of the cloud.

1.5.1 Non-linear Zeeman interaction

Equation (1.18) for the magnetic potential assumes an adiabatic change of

the magnetic field. In addition, it is correct only to lowest (linear) order in

the magnetic field. It is a good approximation when the hyperfine splitting

is much larger than the energy shift due to the magnetic field. Then F is a

good quantum number and

µ ≈ µBgFF. (1.22)

Using F as the quantum number means that the potential is linear in

the magnetic field and is proportional to the Zeeman sublevel mF . In my

experiments, because of the high magnetic field, the above approximations
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Figure 1.2: Zeeman en-
ergy splitting as a func-
tion of the magnetic
field for the rubidium
atom [Breit-Rabi formula,
Eq. (1.24)]. The eight
Zeeman sublevels of the
F = 1 (red) and F = 2
(blue) ground states are
shown. The non-linearity
of the energy curves, and
of the difference between
them, is clearly visible.
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fail and we need to use J as the quantum number. Then

µ = µB (gJJ + gII) , (1.23)

where gJ and gI are the Landé g-factors.

In general, the exact energies should be calculated numerically, but for

J = 1/2 there is an analytic expression, the Breit-Rabi formula [91, 92],

E(F,mF ) = − Ehfs

2(2I + 1)
+ µBmF gIB ±

Ehfs

2

√
1 +

4mF

2I + 1
x+ x2, (1.24)

where Ehfs ≈ h × 6.8 GHz is the hyperfine splitting energy, F = |I ± J | =
|I±1/2| [the ± sign is the same as in Eq. (1.24)], and x = (gJ−gI)µBB/Ehfs.

One needs to note that when mF = −I − 1/2 the argument in the square

root is (1−x)2. In this case, the value of (1−x) should be calculated instead

of
√

(1− x)2 in order to retain the negative values. Figure 1.2 plots the eight

Zeeman sublevels of the rubidium atom’s two ground states. For the fields of

20− 30 G used here, the energy difference E21 −E10 is ∼ h× 100− 200 kHz,

where Eij is the energy difference between mi and mj .

1.5.2 Effect of gravity on trapping potentials

The trapping potential is constructed from the magnetic potential, which

is Zeeman sublevel dependent, and gravity. For a harmonic potential, the
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Figure 1.3: The effect of gravity on the trapping potentials. (a) Magnetic
potential curves for the five Zeeman sublevels of the F = 2 ground state are
plotted (without gravity). The trapping frequency of mF = 2 is 100 Hz, and
the energy splitting between the different mF levels is not in scale with the
spatial potential dependence. (b) Adding gravity to the magnetic potentials
shows that the trapping potentials minima do not overlap anymore. (c)
Magnification of the potentials for the trapped states mF = 1 and mF = 2
shows that the potential minima are shifted by 50 and 25µm, respectively,
which is more than the cloud size for sub-µK temperatures.

effect of gravity is to shift its minimum by

∆zg =
g

ω2
, (1.25)

where ω is the trapping frequency in the z direction (gravity).

In atoms chip traps, this change is usually small or unimportant because

it just moves the trap position. However, in some specific traps it can be

important. For example, in chapter 5 [82] the trap is highly anharmonic due

to the small distance of the atoms from the wire. In addition, the current

in the chip wire (a carbon nanotube in this case) is limited to low values,

hence the bias field cannot be strong. In this case the trap depth is limited

due to gravity for traps far from the chip surface. In another example, as in

chapter 3 [93], the cloud has atoms in two spin states, and consequently the

potential and ω are spin dependent, and the minimum for each spin occurs

at a different height. This effect is shown in Fig. 1.3; it can be significant

and should be taken into account. One needs to note that the transition

energy between different sublevels is position dependent, as can be seen

in Fig. 1.3(a). In addition, the plot describes only the magnetic potential

difference (at the atom’s position) without the gravitational potential. This
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is because the atom does not change its position during the transition and

the gravitational potential is independent of the magnetic sublevel.



Chapter 2

The experimental setup

In this chapter I briefly describe the experimental apparatus and the pro-

cedure I use as a basis for the experiments. Most of the details here have

not changed much since my M.Sc. work, and the reader is invited to find

more information in my M.Sc. Thesis [70]. 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; and finally we cool the cloud with forced evaporation to the

degeneracy temperature, after which we perform our experiments.

2.1 The apparatus

2.1.1 Vacuum

The center of the vacuum system (Fig. 2.1) 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. The last two sides

have a titanium sublimation pump (TSP) and a blank flange. In Fig. 2.1(b)

the science chamber is on the bottom, the ion pump is on the right, and the

17
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(a) (b)

Figure 2.1: Design and picture of the vacuum setup from January 2007.
(a) The design shows the vacuum parts (gray) held by a frame (dark blue)
and 3 pairs of coils (cyan). The vacuum parts shown are the 6-way cross,
the science chamber, and a short nipple on the side of the chamber for the
rubidium dispensers. (b) Picture of the setup from the same angle. In
addition to the design, a long nipple for the ion pump and another one for
the titanium sublimation pump (TSP) are connected to the 6-way cross.
Magnetic coils and optics were not yet assembled.

TSP is on the left.

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

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 the TSP occasionally to coat the chamber walls with titanium in order

to absorb residual particles thereby helping the ion pump.

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 [94]. The four laser beams can

be turned on and off with mechanical light shutters [95], and their frequency

and intensity is controlled with acousto-optic modulators (AOMs). All four
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Figure 2.2: 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 [92]. The inset
shows an absorption spectroscopy signal (top) compared with the polarization
spectroscopy signal (bottom) used in the experiment.

beams are coupled into optical fibers and transferred to the science chamber.

Figures 2.2(a,b) show images of the optical table, and Fig. 2.2(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
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pixel size in the object plane is (2.3µm)2 and the resolution we get is ∼ 5µm,

not far from the diffraction limit of ∼ λ/(2NA) ≈ 4µm, where NA ≈ 0.1 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 the Gaussian width.

In order to measure the atomic density we use resonant absorption imaging

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

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 Atom chip mount

The atom chip mount is designed to hold the atom chip and the copper

current-carrying wires (U- and Z-shaped wires, see Fig. 1.1) in the middle of

the science chamber. In our experiment, the chip is positioned on the top

of the mount (see Fig. 2.3), 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.



2.1 The apparatus 21

(a) (b) (c)

x
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z

Figure 2.3: The atom chip mount. (a) A picture of the copper structure
before the atom chip is glued on the white Macor. The U- and Z-shaped wires
are visible, as are two additional parallel copper wires for extra versatility.
(b) A picture of the atom chip mount. The copper rods carry the high current
for the copper structure while the ribbon is made of thin wires for the atom
chip. (c) Zooming in on the top of the mount. The chip wires are bonded to
pins which are connected to the ribbon wires. The copper rods are connected
to the copper structure, which is hidden beneath the atom chip.

Figure 2.3(a) shows the U- and Z-shaped copper wires beneath the atom

chip, which produce the quadrupole for the MOT and the magnetic trap

(with additional homogeneous magnetic fields), see Sec. 1.4.1. In Fig. 2.3(b)

the entire mount is shown, and Fig. 2.3(c) is zoomed in on the top part of

the mount.

2.1.5 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.

Figure 2.4 shows a schematic of an atom chip fabrication process, and

images of the chip used in the experiment. The thickness of the gold layer

in this chip is 2µm, and the wire we use is 200µm wide. It is a long and

straight wire that crosses the entire chip in the right-left direction in the

image of the atom chip, Fig. 2.4(b).

1We produce our chips in The Weiss Family Laboratory for Nano-scale Systems (http:
//web2.bgu.ac.il/nanofabrication/) at Ben-Gurion University of the Negev.

http://web2.bgu.ac.il/nanofabrication/
http://web2.bgu.ac.il/nanofabrication/
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(a) (b) (c) (d)
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i) ii)
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Figure 2.4: Our atom chip. (a) A simplified sequence of an atom chip
fabrication process. i) A silicon wafer with a dielectric layer (usually a few
tens of nm of SiO2). ii) The wafer is covered with gold. iii) The parts we want
to use as wires are protected with photo-resist (PR). iv) The unprotected
areas are removed, and then the PR itself is removed. (b) An image of our
atom chip. The visible copper parts are the edges of the U- and Z-shaped
wires, Fig. 2.3. (c) An image taken with a scanning electron microscope
(SEM) showing the quality of the fabrication of the atom chip. Both the wire’s
edge roughness and its surface smoothness are visible. (d) Optical microscope
and SEM images of a “snake” wire (see [83] for more details), showing the
versatility of the fabrication of the wires, which enables complicated magnetic
potentials.

2.2 The experimental procedure

2.2.1 Magneto-optical trap

The experimental cycle takes ∼ 1 minute and starts with turning on the

MOT. The MOT consists of three pairs of laser beams together with a current

of 45 A in the U-shaped copper wire and homogeneous bias fields of ∼ 5 and

∼ 1 G in the y and z directions, respectively [see Fig. 2.3(a) for axes]. A

current in the rubidium dispensers, which release rubidium atoms into the

vacuum chamber, is also turned on for the first ∼ 15 s.

Each pair of laser beams consists of two counter-propagating beams, and

the three pairs are orthogonal to each other (the principle of operation is

briefly described in Sec. 1.3.1). The laser beams have two different frequencies,

for cooling and repumping (see the cooler and repumper in Fig. 2.2). The

cooler is ∼ 3Γ = 18 MHz red-detuned from the transition F = 2→ F ′ = 3.

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



2.2 The experimental procedure 23

and be lost from the cooling transition. This will happen for ∼1 out of 1000

transitions, and since each atom is excited every ∼ 25 ns all the 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 5 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.

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 detune the cooling beams 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 furthest we can, up to ∼ 12Γ

due to the limited range of the AOM frequency shift. The last short pulse of

the laser beams 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 trappable 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
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Figure 2.5: Optical pumping pulse. These are images of a Stern-Gerlach
experiment 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.

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 2.5 shows three images during the optical pumping

pulse.

2.2.3 Magnetic trap and evaporation

As explained in Sec. 1.4.1, the form we use for the magnetic potential

[Eq. (1.18)] is dependent on an adiabatic change of the magnetic field

[Eq. (1.19)]. If the cloud is trapped in the MOT quadrupole, the adiabatic

criterion fails near the quadrupole zero as ωL
|B|→0−−−−→ 0 and the direction

of the magnetic field flips when the atom passes through the quadrupole

zero. When an atom cannot follow the magnetic field, it can change its spin

(Majorana spin flip) to an untrapped state and be lost from the trap. In
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order to prevent this magnetic zero we use a Ioffe-Pritchard trap with a

non-zero minimum [44], which is created by using a Z-shaped wire 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, see

Sec. 2.2.5). In this harmonic trap, the rate of change of the magnetic field is

on the order of the trap frequency, usually less than a few kHz, compared

with 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 evaporate

the hottest atoms. 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 2.6 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 used in our experiment, an additional explanation
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Figure 2.6: 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.

is necessary. According to the GP equation [Eq. (1.14)] 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 does not contradict the Uncertainty

Principle, but it is usually a stronger effect and the contribution of the

Uncertainty Principle can be neglected.

2.2.5 High trap bottom

In some of the experiments I increase the magnetic field value at the trap

bottom after creating the BEC. As shown in Fig. 1.1 and explained in

Sec. 2.2.3, the magnetic trap is created with a current in the Z-shaped wire

and a homogeneous field in the y direction. The magnetic field at the bottom

is set by the field created in the x direction by the “legs” of the Z-shaped



2.2 The experimental procedure 27

wire. It can be changed using an additional homogeneous magnetic field in

the x direction. In order to increase the trap bottom, i.e. the value of the

magnetic field at the trap minimum, we turn off this external bias field in

the x direction. We do that in 250 ms in order to change it adiabatically and

prevent excitations and oscillations in the cloud. After that we wait another

150 ms for the stabilization of the cloud. 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, compared 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).
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Chapter 3

Field gradient beam-splitter

for cold atoms

3.1 Introduction

The development of atom interferometry over the last two decades has

given rise to new insights into the tenets of quantum mechanics [96] as

well as to ultra-high accuracy sensors for fundamental physics [6–8] and

technological applications [9, 10]. Examples range from the creation of

momentum state superpositions by accurate momentum transfer of laser

photons [1, 2] allowing high precision measurements of rotation, acceleration

and gravity [3, 9, 10, 97], to the splitting of trapped ultra-cold atoms by

local potential barriers [55, 57, 98] allowing the investigation of fundamental

properties of quantum systems of a few or many particles, such as decoherence

and entanglement [11–13].

One of the tools for atom interferometry is the atom chip [44–46]. The

high level of spatial and temporal control of local fields which is facilitated

by the atom chip has made it an ideal tool for the splitting of a Bose-

Einstein condensate (BEC) into a double-well potential by a combination

of static magnetic fields with radio-frequency (RF) [54] or microwave [57]

fields. Pure static fields [56] or light fields [58, 59] have also been used.

However, practical atom chip schemes for interferometry with a wide dynamic

range and versatile geometries are still very much sought-after [60–65, 99].

Such schemes may enable, for example, sensitive probing of classical or

quantum properties of solid state nano-scale devices and surface physics

29
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(e.g. [100–104]). This is expected to enhance considerably the power of

non-interferometric measurements with ultra-cold atoms on a chip, which

have already contributed, for example, to the study of long-range order of

current fluctuations in thin films [84], the Casimir-Polder force [47, 105–107],

and Johnson noise from a surface [48]. In addition, interferometry integrated

on a chip is a crucial step towards the development of miniature rotation,

acceleration and gravitational sensors based on guided matter-waves [60, 64].

One of the earliest attempts to envision atom interferometry was consid-

ered shortly after the discovery of the Stern-Gerlach (SG) effect almost a

century ago [108]. The SG effect, which has become a paradigm of quantum

mechanics [109], uses a magnetic gradient to split particles into momentum

states with different spin projections. SG interferometry was generally judged

to be impractical due to the extreme accuracy which would be required,

where fundamental issues of phase dispersion stemming from the Uncertainty

Principle were raised ([110] and references therein), and finally coined as the

Humpty-Dumpty effect [111–113].

Here we report, what is to the best of our knowledge, the first observation

of spatial interference fringes with a measurable phase stability, originating

from spatially separated paths in SG interferometry. We propose and demon-

strate a field gradient beam-splitter (FGBS) which may be viewed as the

application of modern atom optics to the near-century old idea, where we

take advantage of the high magnetic field gradients, fast timing, and high

accuracy made available on an atom chip. Although our method utilizes the

SG effect, it is very different from previous theoretical [110–114] and experi-

mental [115, 116] schemes of SG interferometry. While previous experiments

used thermal atomic beams where two spin states propagated on a meter

scale, our experiment uses ultra-cold wavepackets on the micrometer scale.

This allows not only for miniaturization, but also the accurate manipulation

of the quantum state, enabled by the atom chip. Moreover, as we utilize

minimal uncertainty wavepackets, phase dispersion due to evolution through

the inhomogeneous potential is considerably smaller. Another fundamental

difference is that, in contrast to previous SG interferometer schemes, the

time scales in which atoms propagate while in a superposition of two different

spin states are extremely short as the output of the beam-splitter demon-

strated here contains different momentum states of the same spin state, a

crucial advantage in noisy environments. This is why, in contrast to previous
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Figure 3.1: General scheme of operation. (a) Atoms in the state |2〉 (red)
are released from a trap. (b) A π/2 pulse splits the wave-function into a
superposition of internal levels |1〉 (blue) and |2〉. (c) A state-dependent
force is applied. (d) Atoms in the two internal states are accelerated to
different momenta. (e) The force is turned off and another π/2 pulse produces
a superposition of 4 parts with two different momenta and two different
internal states. (f) After some evolution time the momentum components
are spatially separated.

experiments, our experiment does not require magnetic shielding. In an

operation time of just a few µs, the FGBS may allow a continuous range of

momentum splitting of over 100 photon recoils (100 ~k, for reference photons

of 2π/k = 1µm wavelength). This may enable the advantageous large angle

interferometers [117–120], giving rise to highly sensitive probes. As a novel

method that combines high momentum splitting with the advantages of

chip-scale integration, the FGBS may serve for exploring new regimes of

fundamental studies and technological applications.

3.2 General splitting scheme

The general scheme of the FGBS and its output is demonstrated in Fig. 3.1.

It is based on the combined manipulation of two internal states (|1〉 and |2〉)
and an external potential. We perform a Ramsey-like sequence of two π/2
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Figure 3.2: The field gradient beam-splitter at work: FGBS (a) input and
(b-d) output images, and the corresponding schematic descriptions. (a) In
the trap before release. (b) After a weak splitting of less than ~k using
5µs of interaction time and allowing 14 ms time-of-flight (TOF). (c) After a
strong splitting of more than 40 ~k using 1 ms interaction time and allowing
2 ms TOF. (d) To view all four output wavepackets predicted by Eq. (3.1),
we separate the two internal states by another strong gradient pulse. Images
(b) and (c) demonstrates the large dynamic range of this method without
requiring any complicated sequence.

Rabi rotations and apply a field gradient during the time interval between

them. The states |1〉 and |2〉 may be any two states between which coherent

transitions can be controlled, and that have a state-dependent interaction

with the field gradient. We start with the atoms in the internal state

|2〉 and an external state |p0,x0〉, representing a wavepacket with central

momentum p0 and central position x0. The first π/2 rotation transfers the

atoms into the superposition state 1√
2
(|1〉 + |2〉). We then apply a field

gradient which constitutes a state-selective force Fj = −∇Vj (j = 1, 2) for



3.3 Experiment and results 33

an interaction time T , which is typically shorter than the time it takes

the atoms to move in the force field. The state of the atoms after time T

is then 1√
2

(
|1〉eiF1·xT/~ + |2〉eiF2·xT/~

)
|p0,x0〉, where each level acquires a

phase gradient ∇[−Vj(x)T/~] = FjT/~, which is equivalent to a momentum

transfer p0 → p0 + FjT . The second π/2 rotation transfers the atoms into

the superposition state

1√
2

(|I−〉|p1,x0〉+ |I+〉|p2,x0〉) =
1√
2

(|1〉|p+〉 − |2〉|p−〉) , (3.1)

representing two wavepackets with momenta pj = p0 + FjT entangled with

the internal states |I±〉 ≡ 1√
2
(|1〉 ± |2〉), such that each of the internal states

|1〉 and |2〉 is in a superposition |p±〉 ≡ 1√
2
(|p1,x0〉±|p2,x0〉) of wavepackets

with different momenta [the state in Eq. (3.1) can be viewed as spatial

Ramsey fringes, see appendix 3.A]. Equation (3.1) is also valid if the atomic

motion during the interaction time is taken into account or when the force is

not homogeneous in space and time. In this case, the states |pj ,x0〉 should

be replaced with more general solutions for the wavepacket evolution in the

respective potentials Vj(x, t).

This completes the operation of momentum splitting. One may then

use the |1〉 and |2〉 states to realize two parallel interferometers for noise

rejection. One can also use the entangled momentum and internal state as

an interferometer of clocks (e.g. [121]). If one wishes to use just one of the

two internal states, one may typically find a dedicated transition to discard

the redundant state.

3.3 Experiment and results

3.3.1 Realization of the FGBS with freely falling atoms

To realize the FGBS we utilize Zeeman sublevels of freely falling 87Rb atoms

and magnetic field gradients from a chip wire (for a preliminary demonstration

of the FGBS with a trapped cloud, see Sec. 3.5). We start with a BEC of

∼ 104 atoms in state |F,mF 〉 = |2, 2〉 ≡ |2〉 and use an RF field to perform

transitions to state |2, 1〉 ≡ |1〉. We utilize the same set-up described in [93].

The trap position is at a distance of z = 100µm from the chip surface, and

the radial and axial trapping frequencies of |2〉 are ≈ 2π× 100 Hz (measured)

and ≈ 2π × 40 Hz (estimated), respectively. In order to have the |1〉 and
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Figure 3.3: Characterization of the FGBS momentum output. The velocity
difference between the two observed clouds as a function of the interaction
time T . The error bars are calculated from the variation of a few data sets.
The theoretical prediction (shaded area) is based on a measured current
in a resistor that mimics the chip wire (inset), taking into account errors
of ±2.5µm (one pixel) in the initial cloud position, ±0.2 Ω in the wire
resistance and a 1µs delay of the measured rise-time (due to the resistor’s
inductance). The linear dependence on T is to be expected from the solution
of Eq. (3.2). The current “overshoot” at short times is responsible for the
larger acceleration for small T .

|2〉 states form a pure two-level system, we apply a strong homogeneous

magnetic field (∆E12 ≈ h × 25 MHz) and push the transition to |2, 0〉 out

of resonance by ∼ 250 kHz due to the nonlinear Zeeman effect [93]. Next,

we release the BEC and apply two π/2 RF pulses with a Rabi frequency of

ΩR = 20 − 25 kHz and a magnetic gradient pulse of length T in between,

thus forming a Ramsey-like sequence. The gradient is generated by a current

of 2− 3 A in a 200× 2µm2 gold wire on the chip surface. The homogeneous

magnetic field (in the direction of the magnetic field generated by the chip

wire) is kept on during the free fall to preserve the quantization axis.

In Fig. 3.2 we demonstrate the output of the FGBS splitting process.

Fig. 3.2(a) presents an image of the cloud in the trap, before it is released.

In Fig. 3.2(b,c) we present images of the output of two events which exhibit

the large dynamic range of this method, one with momentum difference of

less than ~k (T = 5µs), and the other with more than 40 ~k (T = 1 ms). To
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Figure 3.4: Theoretical limits of the FGBS. (a) Numerical integration of
Eq. (3.2) over T , using the experimental wire configuration and using a
constant current of 3 A. We observe the limit of our specific FGBS realization
due to the large distance which develops between the atoms and the wire.
(b) Utilizing improved experimental parameters we find that ∆p greater than
100 ~k is possible in less than 10µs. The parameters are: z = 10µm, I = 2 A
and wire dimensions of 10× 2µm2 (107 A/cm2 is safely achievable for such
short pulses).

compare with atom interferometry based on optical beam-splitters we express

the momentum transfer in units of ~k, where ~k is a reference momentum

of a photon with 1µm wavelength. The only parameter which is changed is

the interaction time T . Finally, in order to verify the internal state of the

atoms [Eq. (3.1)] we separate the |1〉 and |2〉 states by a second long pulse of

magnetic field gradient, as shown in Fig. 3.2(d).

Fig. 3.3 shows the measured differential momentum transfer as a function

of the interaction time T . An interaction time as short as 100µs transfers a

relative velocity of 50 mm/s (equivalent to 10 ~k). The operation of the FGBS

may be quantitatively understood by simple kinematics in one dimension

(along the z axis). During the interaction time T , a differential acceleration

between the wavepackets is induced, such that after the FGBS, each internal

state is a superposition of two wavepackets which were accelerated as a |1〉
or |2〉 state. The force applied on a wavepacket of a certain mF state at a

distance z below the chip wire is

dpmF

dt
=
mF gFµBµ0I

2πz2
, (3.2)

where µ0 and µB are the magnetic permeability of free space and the Bohr

magneton, gF is the Landé factor for the hyperfine state F , and I is the

current. The equation does not include the nonlinear term in B and a

geometric term 1/[1 + (W/2z)2], accounting for the finite width W of the
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Figure 3.5: Interference fringes from freely falling atoms. Fringes for (a) short
(T = 5µs) and (b) long (T = 10µs) interaction times, created by recombining
the two outputs of the FGBS. Cuts of the optical density (OD) are also
provided, with fits (see text for fit description). The two |2〉 wavepackets
were recombined by an additional magnetic gradient and imaged after 14 ms
of TOF. The different T (5 and 10µs) gives rise to a different ∆v, and hence
a different distance before recombination, leading to different fringe spacings,
33µm and 16µm, respectively.

wire. These terms have been taken into account in our full simulation of

the FGBS which, as presented in the figure, is in good agreement with the

experimental results. The linear relation in Fig. 3.3 is to be expected for

the short interaction times during which the atoms move only slightly and

the acceleration in Eq. (3.2) is fairly constant [the kink in Fig. 3.3 is due to

changing currents, see caption]. In Fig. 3.4(a) we present the calculated limit

of our specific realization of the FGBS due to the increasing distance of the

atoms from the gradient source, the chip wire. In Fig. 3.4(b) we show that,

for realizable chip wire parameters, momentum transfers exceeding 100 ~k
are feasible in a few microseconds.

3.3.2 Recombining the two wavepackets

In order to examine the coherence of the FGBS output we have applied a

simple procedure to stop the relative motion of the two output wavepackets

of internal state |2〉. We then let them expand freely and overlap to create

spatial interference fringes, as shown in Fig. 3.5 (the |1〉 state is out of the

field of view). This method is suitable for the observation of interference

between wavepackets with small spatial separations. If the spatial separation
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and thus the momentum difference is large, the periodicity of the interference

pattern may be smaller than the resolution limit of the imaging system. In

this case, interferometric methods based on internal state population would

be applied (see chapter 6).

The simple procedure we use to stop the relative motion consists of

applying a second gradient pulse that gives a stronger kick to the wavepacket

having the smaller momentum which, at this time, is closer to the chip wire

than the wavepacket with larger momentum. The duration of the second

momentum kick is tuned such that after this kick the two wavepackets have

the same momentum (with a spatial separation which we denote by 2d).

In order to understand the formation of the interference pattern we use

a Gaussian model in which the two interfering state |2〉 wavepackets |p1, z1〉
and |p2, z2〉 have a Gaussian shape of initial width σ0 and center trajectories

z1(t) and z2(t), corresponding to atoms that have been in the internal states

|1〉 and |2〉, respectively, during the FGBS gradient pulse (see appendix 3.B

for more details). Given that the final momentum difference between the two

interfering wavepackets is smaller than the momentum spread of each one of

them, they overlap after enough time and an interference pattern appears

having the approximate form

n(z, t) = A exp

[
−(z − zCM)2

2σz(t)2

] [
1 + v cos

(
2π

λ
z + φ

)]
, (3.3)

where A is a constant, zCM = (z1 + z2)/2 is the center-of-mass (CM) position

of the combined wavepacket at the time of imaging, σz(t) ≈ ~t/2mσ0 is the

final Gaussian width, λ = ht/2md is the fringe periodicity (2d = |z1 − z2|),
v is the visibility and φ = φ2 − φ1 is the global phase difference. The phases

φ1 and φ2 are determined by an integral over the trajectories of the two

wavepacket centers. We emphasize that Eq. (3.3) is not a phenomenological

equation, but rather an outcome of our analytical model (see appendix 3.B).

Equation (3.3) is used for fitting the interference patterns as those shown

in Fig. 3.5. For a pure superposition state, as in our model, the fringe

visibility v should be unity. The observed visibility is reduced by various

possible effects, including unequal amplitudes of the two wavepackets or

partial overlap between them, the finite temperature of the atomic cloud,

effects of atomic collisions, and limited imaging resolution. We note that

some of the many-body collisional effects, such as phase diffusion, would not
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Figure 3.6: Phase stability analysis. (a) Average over the optical densities
obtained from a set of 29 consecutive single-shot images in the first half hour
of an interferometric measurement session (one image per minute), and a
one-dimensional cut (data and fit, see text). The visibility of the averaged
fringe pattern is 0.09±0.01, reduced from the single-shot value of 0.20±0.02.
The average periodicity is similar, 23.1 ± 0.35µm in the single shots and
22.9± 0.2µm in the averaged image. (b) Phase distribution of the 29 images
in π/6 radian bins, with a width of 1.04 radians (rms), in accordance with
that expected by our stability analysis, see text. A random distribution has
a probability of 3 · (2/3)29 = 2.5× 10−5 of similarly occupying only 2/3 of
the phase spectrum. (c) Phase of fringes obtained by averaging running
sets (“windows”) of 16 images for a total set of 55 consecutive images. This
shows a long-term variation of the phase which is approximated by a sine fit
(solid line) with an amplitude of 1.35 radian and a period of 65 minutes. The
29 images analyzed in (a) were taken near the maximum of this long-term
variation.

lead to a reduction of the single-shot visibility but may cause randomization

of the shot-to-shot phase. Since single-shot visibility does not imply that the

interferometric process is coherent, one needs to examine the stability of the

phase for many experimental realizations of the interference.

3.4 Phase and momentum stability

Analyzing a sequence of interference patterns (Fig. 3.6) reveals short-term

phase fluctuations of δφ ∼ 1 radians and long-term drifts over a time scale
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of an hour. The coherence of the underlying interferometric process is

clearly proven by this analysis. In particular, we directly observe statistically

significant phase repeatability in a time window of about half an hour where

the drift is slow, such that an image obtained by averaging over 29 single

shot images shows a pronounced visibility only a factor of ∼ 2 less than the

single-shot visibility.

To identify the sources of instability and suggest ways to reduce it we

analyze the propagation of the wavepackets with the help of our Gaussian

model. This analysis shows that the major source of phase instability in our

experiment is the difference in magnetic field energy during the time between

the two π/2 pulses of the FGBS, in which the two wavepackets occupy two

different spin states. Since the magnetic energy is linearly proportional to

the pulse current, the phase fluctuation at a given reference point z0 is

δφ =
[V2(z0)− V1(z0)]T

~

(
δI

I
+
δT

T

)
, (3.4)

where the relative current fluctuations during the pulse δI/I and the timing

uncertainty δT/T are both independently estimated for our electronics to

have a root-mean-square (rms) value of ∼ 10−3. Since the field applied by

the chip wire at z0 = 100µm is about 27 G, corresponding to a Zeeman

potential of ∼ 19 MHz, we expect phase fluctuations of δφ ∼ 1 radian for

T = 5µs, similar to the observed short-term phase fluctuations [width of the

phase distribution in Fig. 3.6(b)]. Note that during the 100µs time interval

between the two π/2 pulses, a bias field of about 40 G (in the same direction

as the wire field) is on. Changes in the distant coils responsible for this field

are most likely the source of the observed long-term drift of the phase.

Although the FGBS intrinsic phase instability was found to be the

main source of the interferometric phase instability in our experiment, it is

important to analyze the FGBS momentum instability, which may become

the dominant factor in interferometers with a larger space-time area. In

Fig. 3.7(a) we show a few images and fits of single interference patterns which

reveal an instability in the CM momentum. The source of this instability

may be understood on the basis of Eq. (3.2), indicating that the momentum

kick fluctuations of our FGBS are given by

δp

p
=
δI

I
+
δT

T
+ 2

δzi
zi
, (3.5)
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Figure 3.7: Demonstration of the decoupling of the phase from the cloud
position. (a) Sample of 4 fits of single-shot experimental images, demonstrat-
ing the small variation of the fringe phase with respect to a fixed position,
while the envelope of the pattern changes with no correlation to the fringes.
The images from which the fits were taken are also shown, together with
the averaged image of Fig. 3.6(a). (b-c) Gaussian wavepacket model (see
text) of interference pattern stability for parameters similar to those used
in the experiment (neglecting atom-atom interactions). The 6 upper plots
demonstrate single-shot interference events, where the interference patterns
appear at different positions due to momentum fluctuations caused by an
instability δzi = 1µm in the initial wavepacket position. In (b) the chip wire
current fluctuations are assumed to be δI/I = 10−6. Phase instability is neg-
ligible and the averaged interference pattern (over 100 single-shot patterns)
is almost perfect (bottom plot). In (c), same as (b) with δI/I = 10−3. Phase
fluctuations are about δφ ∼ 1 radian, reducing the visibility of the average
pattern.

where zi is the initial distance from the wire responsible for the momentum

kick. Since the trapping potential was generated by a wire at a distance of

more than one millimeter (with its own relative current fluctuations of 10−3)

and not by a chip wire (for technical reasons), we estimate the uncertainty

of this position to be δzi ∼ 10−3 · 1 mm = 1µm. For zi = 100µm we

thus have δzi/zi ∼ 10−2, making it the dominant source of momentum

instability. Indeed, the observed width of the final CM position distribution

is δzCM/zCM ∼ 0.02.

However, perhaps surprisingly, the observed momentum difference be-

tween the two wavepackets after the second momentum kick is much more
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stable and gives rise to good overlap for each experimental shot, as observed

in Figs. 3.6 and 3.7. Let us elaborate. We have approximated the 1/z

potential in our experiment by a quadratic form

VmF (z, t) = VmF (z0, t)− FmF (z0, t)(z − z0)

− 1

2
F ′mF

(z0, t)(z − z0)2, (3.6)

where F ′mF
(z0, t) represents the inhomogeneity of the force, acting as a

harmonic force when F ′mF
< 0 [FmF = −∂VmF (z, t)/∂z]. The observed

stability, namely the lack of relative momentum fluctuations, is due to the fact

that the second momentum pulse reverses the effect of momentum fluctuations

due to the first pulse. The second pulse applies a differential force F2(z1)−
F2(z2) = F ′2(z0)(z1 − z2) ∝ −(p1 − p2) which acts against initial momentum

fluctuations. In the interferometric scheme used in our experiment, the

second pulse introduces its own fluctuations of the momentum difference

through current fluctuations δI and δT , but as noted, this contribution is an

order of magnitude smaller than that of the fluctuations introduced by the

initial position fluctuations during the first pulse.

Finally, our Gaussian model shows that initial position fluctuations

contribute very little to the fluctuations of the accumulated phase difference

after a long TOF. As demonstrated in Fig. 3.7(b), initial position fluctuations

give rise to fringe patterns whose Gaussian envelopes appear at a different

position for each shot, but their phase is the same in the lab frame. This

decoupling between the wavepacket position and its phase is also observed in

the experiment, as demonstrated in Fig. 3.7(a). Significant phase fluctuations

that reduce the visibility of the averaged pattern are mainly caused by current

strength and timing fluctuations during the gradient pulse [Fig. 3.7(c)], as

discussed above.

3.5 Splitting trapped atoms

Here we show that our scheme can also be implemented for a trapped BEC,

thereby opening the road for guided interferometry, such as the “multi-pass”

Sagnac interferometer we have proposed previously [64]. We again present an

interference pattern, but unlike the results of the experiment with the free-

falling BEC, the phase of the fringes is not stable and further improvements
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Figure 3.8: Splitting a trapped BEC: (a) An illustration of the two traps
below the atom chip showing their vertical separation and the difference in
their sizes due to the different confinement. (b-d) Trapping potential of the
two states (the energy difference is minimized for visibility) in the direction
of gravity during the splitting process. The four parts of the wave-function
and their momenta (denoted by the lengths of the arrows) are also shown.
(b) The splitting just after the first π/2 pulse, where the position of both
clouds is the trap minimum of the |2〉 state. (c) The clouds after the second
π/2 pulse where only the |1〉 part of the superposition was accelerated before
the pulse. There is still spatial overlap (the cloud separation is exaggerated
in the image for clarity). (d) The four parts after some oscillation time in
the trap, showing that one part of the |2〉 state did not move, the other part
of the |2〉 state was slowed by the trapping potential almost to a halt, and
the two parts of |1〉 were accelerated.

of the setup are needed.

We implemented the scheme presented in Sec. 3.2 for a BEC trapped

in a Ioffe-Pritchard (IP) magnetic trap. We start with ∼ 104 87Rb atoms

trapped 250µm below the atom chip with a radial trapping frequency of

ω2 ≈ 2π × 100 Hz. Due to the high trap bottom of ∆E12 ≈ h× 18 MHz, the

nonlinear Zeeman shift is ∼ 100 kHz. The sequence is similar to the free-

falling experiment, except that the atoms are released only after the second

π/2 pulse. In contrast to the free-falling case, no external gradient is required,

since the trap gradient naturally accelerates the atoms. Furthermore, the

gradient exists also during the π/2 pulses, but due to the high power of the
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(a) (b) Figure 3.9: Absorption images
of a trapped BEC split by the
FGBS. (a) TOF image after the
splitting process. Each cloud is
a superposition of |1〉 and |2〉.
The Ramsey dark time is T =
980µs, and the TOF is 27 ms.
(b) Same experimental sequence,
but with another strong mag-
netic gradient pulse after the
FGBS in order to split the cloud
further into the mF = 1 (top
two clouds) and mF = 2 (bot-
tom clouds) states.

short pulse it is still quite effective in creating the superposition (a π pulse

with ΩR = 5− 10 kHz transfers ∼ 90% of the atoms, compared with ∼ 95%

in free fall).

In Fig. 3.8(a) we represent the two potentials by their equipotential

surfaces, as they are situated below the atom chip. In Fig. 3.8(b-d) we utilize

a 1-dimensional energy versus position (ẑ) plot to describe the evolution of the

system during and after the FGBS sequence. Due to gravity, the difference

between the trap centers of the combined magnetic and gravitational potential

of the |1〉 and |2〉 states is ∆ztrap = g/ω2
2. It follows that when atoms initially

in level |2〉 are transferred by the first π/2 pulse into level |1〉, they experience

an acceleration

dvz
dt

= ω2
1∆ztrap cos(ω1t) =

g

2
cos(ω1t)

T�π/ω1−−−−−→ g

2
(3.7)

which splits the cloud. For interaction times T � π/ω1 these atoms move

only sightly along the potential gradient such that the acceleration is constant

and equals g/2.

Figure 3.9 demonstrates the splitting of a trapped BEC. In Fig. 3.9(a)

each of the two clouds has a different momentum at the output of the FGBS,

and both are superpositions of |1〉 and |2〉. In Fig. 3.9(b), another strong

gradient was applied in order to further separate the clouds into their internal

states, resulting in the four observed clouds. The pair at the top of the image

are in the |1〉 state, with both momenta, while the pair at the bottom are in

the |2〉 state.
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Figure 3.10: Final position difference of the two output wavepackets of the
FGBS for a trapped BEC as a function of interaction time T after a TOF.
The six data sets are for two different Rabi frequencies (circles and squares)
and for different TOF (different colors).

Figure 3.10 summarizes the results of splitting a trapped BEC for different

interaction times. As expected, the spatial separation ∆z is independent of

the Rabi frequency and grows with longer TOF. In addition, the expected

linear dependence of ∆z on T is also apparent (∆z = ∆vtTOF = g
2TtTOF).

The linear dependence on T is due to the approximation of Eq. (3.7) for

short interaction times.

Figure 3.11 shows the velocity difference for different interaction times

T . Each point is calculated using a linear fit to the 6 points for each T in

Fig. 3.10. Here, the atom-atom collisional repulsion is responsible for an

additional contribution to the velocity, as shown in the experimental data

and confirmed by our numerical GP solutions.

Figure 3.12 shows an interference pattern generated with a BEC split in

the trap. Here we have allowed the atoms to oscillate in the trap for a period

of about 2 ms, which is approximately one quarter of the oscillation period.

At the end of this oscillation time the |2〉 state, which had been accelerated, is

slowed by the harmonic potential and it is at rest. The other wavepacket was

in state |2〉 during the FGBS and consequently did not move [see Fig. 3.8(d)].

The trap is then released and the two wavepackets, positioned at z ≈ 0 and at

z ≈ ∆p/mω1 ≡ 2d, expand, overlap, and form interference fringes. The fit in
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Figure 3.11: Characterization of the FGBS for trapped atoms, showing the
differential velocity of the two wavepackets as a function of the interaction
time T . The velocity difference ∆v and its error were obtained by a linear fit
of the position after different TOF for each T shown in Fig. 3.10. As expected
from Eqs. (3.2) and (3.7), ∆v grows linearly with time. The solid line is a plot
(no fitting parameters) of the theoretical curve v(T ) = g

2 sin(ω1T )/ω1 + vr,
where vr = 0.58 mm/s is an additional velocity due to atom-atom repulsive
interaction. The first term follows from an integration of Eq. (3.7), while the
collisional constant vr is obtained from a full GP simulation. The linearity
of the graph is due to small interaction times such that sin(ω1T )/ω1 ≈ T .

Fig. 3.12 makes use of a form similar to Eq. (3.3) but with a Thomas-Fermi

envelope

f ≡ A ·max{1− (z − z0)2

w2
, 0} 3

2

[
1 + v sin(

2π

λ
(z − z0) + φ)

]
, (3.8)

where the data was fitted to the form

f

1 + f/Asat
, (3.9)

which takes into account a reduction due to saturation.

As mentioned earlier, we did not observe phase stability. We think that

the reason is background magnetic noise, which changes from shot to shot.

We know from other experiments that the background magnetic noise in

our laboratory is a few mG, which is equivalent to a few kHz change in the



46 Chapter 3. Field gradient beam-splitter for cold atoms

Figure 3.12: Single-shot fringes
observed after the FGBS is ap-
plied to a trapped BEC (T =
700µs, TOF = 10 ms), when re-
combining the two |2〉 wavepack-
ets by allowing them to oscillate
2 ms in the trap before releas-
ing them. The 8µm periodicity
matches the known formula for
fringe separation λ = ht/2md.
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transition frequency between the |1〉 and |2〉 states. Since T ≈ 1 ms, the

relative phase between the states |1〉 and |2〉 before the second π/2 pulse

is different from shot to shot by a few radians. This noise in the phase

is observed as fluctuations in the position of the fringes and prevents the

observation of a stable fringe pattern.

3.6 Discussion: evaluation of the FGBS and its

future prospects

We have used the old idea of SG interferometry as a basis for a novel method

in atom chip interferometry and observed stable interference fringes from

spatially separated paths. This achievement is due to three main differences

from previous SG schemes [115, 116]. First, we have used minimal-uncertainty

wavepackets (a BEC) rather than thermal beams. Second, for most of the

interferometric cycle, the two interferometer arms are in the same spin state.

Finally, chip-scale temporal and spatial control allows the cancellation of

path difference fluctuations.

The FGBS has two main advantages in comparison to previously demon-

strated matter-wave beam-splitters: its tunable high dynamic range of mo-

mentum transfer and its natural integrability with an atom chip. In contrast

with previous atom chip experiments with double-well potentials, which are

limited to relatively slow splitting to prevent higher mode excitations, the

FGBS allows a wide range of splitting times that will enable the investigation

of many-body effects of entanglement and squeezing over new parameter

regimes. For example, in the presence of atom-atom interactions, generation
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of a coherent many-body state is possible only by fast splitting [65]. In

addition, the FGBS, which uses magnetic field gradients for splitting, is

more naturally and easily suited for integration with an atom chip compared

to laser light splitting methods. These advantages are expected to make

FGBS-based interferometry suitable for high sensitivity measurements on

the micron scale.

We have gained an accurate understanding of the sources of instability in

our experimental system that was not dedicated to atom interferometry, and

which used a simple wire configuration as well as electronics with significant

technical noise. We have shown that our Gaussian model correctly predicts

the position and phase fluctuations of the observed fringes, as well as the

decoupling between the position and phase. We may thus suggest prospects

for the stability in future experiments. A straightforward way to improve

phase stability [Eq. (3.4)] is to improve the stability of current amplitude

and timing. In addition, one can use a configuration with a decreased

ratio between the magnetic field at the trapping position VmF (z0, t) and its

gradient [see Eq. (3.2)], such that the momentum kick may be increased

while keeping the same phase fluctuations or the phase fluctuations may be

reduced while keeping the same momentum kick. One way to achieve this

is to set the initial trapping position z0 closer to a narrower chip wire. An

alternative way is to use three parallel wires with alternating currents, such

that a quadrupole field is formed near the initial position of the atoms. Such

a field provides a high gradient and a small absolute value of the magnetic

field. Momentum kick variations may also be reduced by using chip-based

trapping for a better control of the initial position.

In order to estimate the bounds on phase and momentum stability in

future realizations, one should consider the available technology. Let us

assume a 10µs pulse. Then, for a 2 A current (containing ∼ 1014 electrons),

the shot noise leads to δ(IT )/IT ∼ 10−7. Power sources with sub-shot noise

are being developed (e.g., at JPL [122]) and may enable even better stability.

Stable current pulses may be driven by ultra-stable capacitors, which reach

stability of δC/C = 10−7 at mK temperature uncertainties. For pico-second

switching electronics, one similarly finds δT/T ∼ 10−7. Taking these limits

and assuming that the momentum pulse could be performed using a medium

magnetic field of 1 G (splitting of 0.7 MHz), the limit on the phase uncertainty

of the FGBS becomes δφ ∼ 6 · 10−6 radian, while momentum stability is
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bound by δp/p ∼ 10−7. Phase and momentum stability may improve even

more for longer and larger current pulses giving rise to higher momentum

transfer, since this reduces relative timing instability and shot noise. A more

careful estimation would require taking into account the specific structure

of the FGBS and the entire interferometer, as well as environmental factors

such as thermal expansion of chip elements.

To conclude, we have demonstrated a method for splitting atoms into

momentum states by using local magnetic field gradients and have observed

repeatable spatial interference fringes, which indicate the coherence of the

splitting process. The method has a wide dynamic range of momentum

transfer, it is versatile in geometry and utilized states, and is easily integrable

with an atom chip. We have analyzed in detail the causes for phase and

momentum instabilities. Our analysis exhibits a good fit to the experimental

observations. Based on this analysis we propose practical ways to exploit the

potential of the wide dynamic range of momentum transfer and to increase

interferometric stability. This enables us to extrapolate and predict the

ultimate accuracy of such a device – which we find to be high.

3.A Appendix: The FGBS output as a spatial Ram-

sey fringe pattern

In the above work, we analyzed the FGBS from a kinematic point of view. An

alternative point of view can treat the wave-function presented in Eq. (3.1)

as spatial Ramsey fringes, where the wave-function after TOF is a Fourier

transform of the wave-function just after the second π/2.

In Fig. 3.13 we present a Gross-Pitaevskii (GP) simulation of the atomic

density for state |2〉 just after the second π/2 pulse (“near field”). The

density shows a sinusoidal pattern. This pattern may be viewed as spatial

Ramsey fringes: an atom at a specific point x is subjected to a Ramsey

sequence in which the phase accumulated between the two π/2 pulses is

(1/~)
∫ T

0 ∆V (x, t)dt where ∆V = V1 − V2 is the potential difference between

the two levels. Since the potential varies approximately linearly along the

ẑ axis, ∆V ≈ −∆Fz, and at short times the atom remains stationary, the

Ramsey phase, and consequently the population of the two states |1〉 and |2〉,
is modulated with a period λ = h/2∆FT (where the factor 2 is due to the fact

that we observe intensity modulations and not amplitude). Since a perfect
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Figure 3.13: Simulation of the splitting process (Gross-Pitaevskii). For
interaction times (a) T = 5µs and (b) T = 10µs, we present the atomic
density for state |2〉 of the “near field” fringes formed just after the FGBS
(no time-of-flight). The sine function Fourier transforms into two counter-
propagating momentum components which may be observed in the “far field”
as two separated wavepackets after sufficient time-of-flight.

sine function Fourier transforms into two identical and counter-propagating

k components (with momentum difference ∆p = h/2λ), this “near field”

density distribution transforms after a sufficient time-of-flight (TOF) into a

pair of spatially separated wavepackets. The “near field” fringes shown in

the figure are not resolvable by our imaging system and what we observe is

only the four wavepackets (two for the |1〉 state, and two for the |2〉 state)

that evolve after a long TOF, as shown in Fig. 3.2.

3.B Appendix: Gaussian wavepacket model for in-

terferometry

In the work presented in this chapter we used a theoretical model based on the

propagation of Gaussian wavepackets in a locally-harmonic potential. The

model was used for analyzing the propagation of the two output wavepackets

of the FGBS and their phase, and for estimating the performance and

stability of the experiment. It may also serve as a starting point for future

interferometer designs and as a method to predict their stability.

Our model assumes that the atomic state at each stage of the interfero-

metric process is a superposition of wavepackets as in Eq. (3.1). The spatial

representation can generally be written as

〈z|ψ〉 =
∑
j

ψj(z, t)|wj〉, (3.10)
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where |wj〉 represent internal state trajectories, such that at time t two states

|wj〉 and |wk〉 may either represent two different internal states or the same

internal atomic state with different internal state histories. In our case, for

example, the state |w1〉 will represent atoms initially in the state |mF = 2〉,
then transformed into |mF = 1〉 during the first π/2 pulse, and then back to

|mF = 2〉 during the second π/2 pulse, while |w2〉 will represent a trajectory

where the atoms stayed in |mF = 2〉 throughout this process. In what follows

we omit the ket symbols |wj〉 whenever they represent the same internal state

at time t. In Eq. (3.10), ψj(z, t) represents spatial wave-functions which we

take as Gaussian wavepackets

ψj(z, t) = exp[−aj(t)z2 + bj(t)z + cj(t)], (3.11)

where aj , bj and cj are complex. This is equivalent to the form

ψj(z, t) = Cj exp

[
−aj(t)(z − Zj(t))2 +

i

~
Pj(t)(z − Zj(t)) + iφj(t)

]
,

(3.12)

where Zj(t) is the central position and Pj(t) is the central momentum of the

j’th wavepacket, while φj is a real phase of the wavepacket at the center.

We assume that the potential is smooth enough on the scale of the

wavepacket, such that it can be approximated by a quadratic form as in

Eq. (3.6) with the force Fj = −∂zVj and the potential curvature F ′j =

−∂2
zVj (with mF → j). With this approximation and neglecting atom-atom

interactions, the Gaussian ansatz is an exact solution for the propagation

problem. By substituting the Gaussian form (3.11) in the Schrödinger

equation i~ψ̇j = −~2∂2
zψj/2m+ Vjψj and equating terms proportional to z2,

z, and 1 we obtain the equations for the coefficients

ȧj = −i2~
m
a2
j − i

F ′j
2~

(3.13)

ḃj = −i2~
m
ajbj + i

Fj
~

(3.14)

ċj = i
~

2m
[b2j − 2aj ]. (3.15)

By comparing the forms (3.11) and (3.12) we find that bj = 2ajZj + iPj/~
and cj = log(Cj)− ajZ2

j − iPjZj/~+ iφj , where the equations for the center
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coordinates are given by the Newtonian equations of motion

Żj = Pj/m, Ṗj = Fj + F ′jZj , (3.16)

and the solution for the phase in the wavepacket CM frame is

φj(t) = φj(0) +
1

~

∫ t

0
dt′[Pj(t

′)2/2m− Vj(Zj(t′))]. (3.17)

An analytical solution for aj is possible for constant coefficients Fj and

F ′j

aj(t) = −i m
2~
Ȧj
Aj
, (3.18)

where

Aj(t) =


1 + 2i~aj(0)t/m F ′j = 0

cosωt+ iaj(0)a2
ho sinωt F ′j < 0

coshωt+ iaj(0)a2
ho sinhωt F ′j > 0

(3.19)

with ω =
√
|F ′j |/m and a2

ho = 2~/
√
m|F ′j |.

Let us now take a superposition of two wavepackets of the form (3.12)

with equal amplitudes Cj and widths (a1 = a2 = a). We obtain

ψ(z) =
1√
2

[ψ1(z) + ψ2(z)] = (3.20)

=
1√
2
ψCM(z)e−a∆z2/4−i∆p∆z/4 ×

×
[
e(ξ1−ξ2)z+(θ1−θ2)/2 + e(ξ2−ξ1)z+(θ2−θ1)/2

]
,

where ZCM = (Z1 + Z2)/2 is the position of the center-of-mass of the two

wavepackets and PCM = (P1 + P2)/2 is the center-of-mass momentum, while

∆z = Z1 − Z2 and ∆p = P1 − P2 are the corresponding position and

momentum differences. ψCM(z) is the wave-function of the form of Eq. (3.12)

with ZCM, PCM and φCM ≡ (φ1 + φ2)/2 replacing the corresponding single-

wavepacket coordinates and phase. The exponential arguments are

ξj(t) = aZj + iPj/2

θj(t) = iφj − iPjZj − aZ2
j . (3.21)

In free-space propagation we have a(t) = a(0)(1 + 2ia(0)~t/m)−1. By
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substituting Zj(t) = Zj(0) + Pjt/m in the expression for ξj we obtain

ξj(t) = a(t)Zj(0) + i
Pj
2~

[1− 2ia(t)~t/m]. (3.22)

After a time t such that t� m/2~|a(0)| we have a(t) ∼ −im/2~t such that

the term containing the momentum vanishes.

The atomic density per unit length is given by N |ψ(z)|2, where N is the

total atom number. In the long-time limit the coefficient a becomes imaginary,

such that ξj and θj in Eq. (3.20) become imaginary as well. The last line of

Eq. (3.20) becomes cos(∆ξz+∆θ/2) = cos(mdz/~t+φ/2), where 2d = Z2−Z1

and φ = θ2 − θ1. To obtain Eq. (3.3) we take the square absolute value of

Eq. (3.20), and use Re{a(t)} = 1/4σz(t)
2 and cos2(x/2) = 1

2 [1+cos(x)]. The

visibility v is ideally equal to 1 and is included as a parameter in Eq. (3.3)

in order to account for the real interference patterns whose visibility is lower

than the ideal one.



Chapter 4

Asymmetric transitions in

the presence of colored noise

4.1 Introduction

Coupling between internal and external (motional) degrees of freedom plays

a major role in cooling atoms, ions and molecules [73, 123, 124] and in ma-

nipulating their quantum states, e.g., in logic gates for quantum computation

[125–127]. The state of these particles is usually controlled by monochromatic

(or transform limited) electromagnetic fields, while incoherent fluctuations

(noise) must be suppressed in order to prevent decoherence, heating, and

loss [47, 48, 128]. The latter are usually studied under the “white noise” as-

sumption. Little is known about what happens between the monochromatic

and white noise limits (“colored noise”) with respect to control and hindering

effects.

To understand how the noise spectrum can affect the rate of transitions

between internal states, consider a system of two levels representing electronic

configurations of an atom, ion or molecule, coupled to external (translational,

rotational or vibrational) degrees of freedom and to a weak homogeneous

field inducing transitions between the internal levels. If this field imposes

a monochromatic perturbation λ̂e−iωt, then the rate of transitions from an

initial state |i〉 to a final state |f〉 is given by Fermi’s golden rule γi→f =

(2π/~)
∑

k |〈i|λ̂|f, k〉|2δ(Ei − Ef,k + ~ω), where k represents the quantum

numbers of the external degrees of freedom of |f〉. The transition rates are

proportional to the density of states in their respective final level, and are

53
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therefore asymmetric between two levels that experience different external

potentials. At the other extreme, one has a fluctuating random field λ̂g(t),

where g(t) has a spectral density S(ω) ≡
∫
dt′eiω(t−t′)〈g(t)g(t′)〉 which is flat

over a large bandwidth (“white noise”). This now allows transitions to all k

states whose completeness yields γi→f = S|〈i|λ̂|f〉|2 such that the external

degrees of freedom decouple from the transition dynamics and the transition

rates between the two levels become symmetric.

Numerous quantum systems proposed for applications, such as quantum

information processing, are based on particles trapped in external potentials.

A major limitation of these systems is uncontrolled noise-induced transitions

between the internal states used for the application (e.g., qubits) or from

the latter to other internal states. Typically, different states may experience

different potentials, and at times the potential difference is made significant

as part of the application itself (e.g., quantum logic gates). Since conventional

environments usually contain background or technical noise which is not

white, it is important to understand the interplay between the internal and

external degrees of freedom under these conditions.

In this work we study the dynamics of transitions between two internal

atomic states with different external potentials in the form of two magneti-

cally trapped Zeeman sublevels (|F,mF 〉 = |2, 2〉 and |2, 1〉) in the presence

of colored noise which is neither monochromatic nor white. We observe

experimentally that the relative transition rates between the levels depend

strongly on the spectral shape of the noise. While a clear understanding

of this dependence is important in order to find effective ways to combat

uncontrolled noise, we demonstrate that this dependence also allows steering

the transitions in the desired direction by utilizing engineered noise.

4.2 The experiment and a phenomenological de-

scription of the results

4.2.1 The experimental procedure

We start our experiment with ∼ 7× 104 87Rb atoms evaporatively cooled to

∼ 350 nK. This leaves most of the atoms in the |2, 2〉 Zeeman sublevel with

a residual fraction of ∼9% in |2, 1〉. The magnetic trap is produced 250µm

from the surface of an atom chip by a right-angle Z-shaped wire [70, 129]
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Figure 4.1: The measured ratio R(t) between the number of atoms in mF = 1
and the total number of trapped atoms, for different values of the detuning
∆f (see text). The measured R(t) goes beyond the band 0 ≤ R ≤ 1/2
representing asymptotic values of R(t) in a model where the external degrees
of freedom are decoupled from the transition dynamics (the dashed line at
R = 1/3 is for white noise). Curves are fits to the empirical form of Eq. (4.1).
Data variance gives an error of about ±0.01 (not shown).

and a homogeneous magnetic field generated by distant coils. This creates

a harmonic trap with an axial frequency ωx = 2π × 40 Hz (calculated) and

radial frequencies ωy = ωz = 2π × 96 Hz (measured) for the |2, 2〉 level (the

frequencies for the |2, 1〉 level are a factor
√

2 smaller). In order to study the

effect of the noise spectrum we introduce controlled magnetic noise with the

same function generator (Agilent 33250A) and antenna used for the evapora-

tive cooling. To suppress uncontrolled noise, we increase the Zeeman splitting

to 18MHz. For this range of spin-flip transition frequencies the uncontrolled

background noise spectrum is quite small and flat. The populations N1 and

N2 of the trapped levels mF = 1 and mF = 2, respectively, are determined

by a Stern-Gerlach measurement [50].

4.2.2 Description of the results

Figure 4.1 presents the ratio R(t) = N1/(N1 +N2) as a function of the time

for which the noise is applied [Fig. 4.2 presents the spectrum of the noise], for

different detuning ∆f between the noise peak frequency f0 and the Zeeman

splitting E0
12/h of the two trapped levels at the magnetic field minimum.
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Figure 4.2: The noise spec-
trum we introduce into the
system relative to f0 =
18 MHz (the solid red line
is the fit used in our
calculations).
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One observes a large difference in the evolution of R(t) between red- and

blue-detuned noise. When the noise is red-detuned (∆f < 0), the mF = 1

level is populated while when the noise is blue-detuned (∆f > 0) the mF = 1

level is depleted. The solid curves are fits to the empirical form

R(t) = R∞ + (R0 −R∞)e−γ̃t, (4.1)

which represents an exponential convergence from the initial value R0 ≡
R(t = 0) to an asymptotic value R∞ ≡ R(t → ∞). These results show

that the relative transition rates between the levels depend strongly on the

detuning of the noise and differ significantly from the expected rates in the

case of white noise (dashed line in Fig. 4.1). The value of γ̃ in Eq. (4.1)

depends strongly on the intensity of the noise at the relevant frequency. At

resonance (∆f = 0) it is roughly hundreds of Hz, depending on the exact

noise amplitude used.

The transitions between the atomic levels are caused by the coupling

λ̂ = −gFµBF̂·Bnoise between the magnetic field noise Bnoise and the magnetic

moment of the atom. Here µB is the Bohr magneton, F̂ is the angular

momentum operator and gF is the Landé factor. This coupling allows only

transitions with spin change |∆mF | = 1, which implies the following rate

equations for the populations of the two trapped levels

Ṅ1 = −(γ1→2 + γ1→0)N1 + γ2→1N2

Ṅ2 = γ1→2N1 − γ2→1N2. (4.2)

We estimate the escape time of an atom in the untrapped level mF = 0 from

the trapping region, due to thermal velocity and gravitational acceleration, to

be ∼ 10 ms. For |∆f | > 20 kHz (±10 kHz due to the variance in γ̃) the atom

is lost from the trap before it can make a transition back to mF = 1 and the

transition γ0→1 may be safely neglected. In the limit of white noise, where
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Figure 4.3: The dependence
of R∞ [Eq. (4.4)] on β for
various values of α.

the motional and internal degrees of freedom are decoupled, we expect the

ratio between the transition rates to be determined by the matrix elements

of the angular momentum operator, such that α ≡ γ1→0/γ2→1 = 3/2, while

β ≡ γ1→2/γ2→1 = 1 [47, 130]. In the following we show that colored noise

dictates different values for α and β.

4.2.3 Analysis of the asymptotic value of the relative popu-

lation

Next we connect the ratio R(t) to α and β and focus on the asymptotic value

R∞. Assuming that the transition rates are time independent, Eqs. (4.2)

yield the solution

R(t) ≡ N1(t)

N1(t) +N2(t)
=

R∞ + Ce−γ̃t

1 + αR∞Ce−γ̃t
, (4.3)

where C ≡ (R0 − R∞)/(1 − αR∞R0) and γ̃ ≡ (1/R∞ − αR∞)γ2→1. Note

that Eq. (4.3) reduces to Eq. (4.1) when α = 0, and even when α � 1

Eq. (4.1) is a fair approximation. The asymptotic value in Eq. (4.3) is given

by

R∞ =
1 + α+ β −

√
−4α+ (1 + α+ β)2

2α
. (4.4)

This value depends solely on the ratios α (determining the relative depletion

rate to the mF = 0 level) and β (determining the asymmetry in the transition

rate between the two trapped levels), and is independent of the overall noise

intensity or the initial condition, R0. In the white-noise limit, where α = 3/2

and β = 1, R∞ = 1/3 (dashed line in Fig. 4.1) and R∞ ≤ 1/2 for any value

of α (β = 1 band in Fig. 4.1). The dependence of Eq. (4.4) on β for various

values of α is presented in Fig. 4.3.

In Fig. 4.4 we plot the measured value of R∞ for different values of

the center frequency of the applied noise. The band and the three curves
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Figure 4.4: Asymptotic values R∞ taken from experimental curves as in Fig.
4.1, as a function of ∆f , compared with theory [Eqs. (4.4)-(4.6)] with no
fitting parameters (T = 0.5− 1.5µK). Error bars are rms values for the data
variance and mean fit error in Fig. 4.1, except for open-circle data points,
for which only one measurement is available and the error is the average of
the entire data set. The horizontal error is the uncertainty in the magnetic
field minimum.

represent the theoretical prediction for R∞, as described below.

4.3 Qualitative and quantitative understanding of

the dynamics

To gain a qualitative understanding of the results, we first present a simple

semiclassical 1-dimensional model of two thermal distributions of atoms

trapped in potentials Vj(x) = 1
2mjMω2

1x
2, where M is the atomic mass, ω1

is the trapping frequency of the mF = 1 level and mj = mF is either 1 or 2.

Each atomic distribution is represented in Fig. 4.5(a) by a typical atom at an

average position dj =
√
〈x2〉j =

√
kBT/mjMω2

1. Since the wavelength of the

applied noise is much larger than the typical size of the system, the atomic

recoil is negligible. The transition of a typical atom from mF = 2 to mF = 1

requires a photon energy E2→1 = E0
12 + V2(d2)− V1(d2) = E0

12 + 1
4kBT and

reduces the energy of the atom relative to the trap bottom by 1
4kBT . A

transition of a typical atom in mF = 1 to mF = 2 at d1 =
√

2d2 requires a

photon energy E1→2 = E0
12 + V2(d1)− V1(d1) = E0

12 + 1
2kBT and increases
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Figure 4.5: (a) A simplified model showing the asymmetry in the transitions
between the two trapped levels. We assume that the atoms are in thermal
equilibrium at temperature T, in both levels. We plot the transitions at the
mean atom distances from the trap center, dj ≡

√
〈x2〉j . A spin flip from

mF = 2 to mF = 1 requires photon energy E2→1, which is smaller than the
photon energy E1→2 needed for the reverse transition. Ei→f corresponds
to the difference between the potentials since the atomic recoil is negligible.
(b) The two transitions sample different frequencies of the noise spectrum
(plotted twice for opposite detuning), giving rise to the asymmetric transition
rates. The two pairs of arrows (blue and red) point to the sampled noise
intensities for each detuning.

the energy of the atom by 1
2kBT .

The relative transition rates depend on the number of photons for each

of the two energies E1→2 > E2→1 . If the noise intensity increases with

frequency in a wide enough band (∼ kBT ) around f = E0
12/h [see blue

arrows in Fig. 4.5(b), ∆f > 0], the transition 1 → 2 is preferred and the

population of mF = 1 is depleted, as in the plateau on the right-hand side of

Fig. 4.4. In contrast, if the intensity decreases in this band [see red arrows

in Fig. 4.5(b), ∆f < 0], the transition 2→ 1 is preferred and the population

of mF = 1 becomes dominant, as in the plateau on the left-hand side. Due

to these effects, even when the noise intensity decreases by a few orders of

magnitude (side peaks of the noise are seven orders of magnitude weaker

than the central peak!), the atoms are still sensitive to the details of the

spectrum, as can be seen in Fig. 4.4. This may prove to be a useful tool

for characterizing noise features. Note also that the temperature determines

the width of the spectral region the cloud samples, hence colder clouds are
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more sensitive to fine details of the noise (e.g., 1µK gives a resolution of

20 kHz). This effect is most noticeable at ∆f ≈ 0.7 MHz (Fig. 4.4) where

the temperature band becomes much wider.

To quantitatively explain the results, the ratios α and β are calculated

using a semiclassical expression for the transition rate which follows from

Fermi’s golden rule [131]

γi→f =

∫
dωΓif (ω)

∫
d3pd3r

(2π~)3
Pi(r,p)δ(∆Vif (r)− ~ω), (4.5)

where Γif (ω) = g2
Fµ

2
B

∑
j=y,z |〈i|F̂j |f〉|2S

jj
B (ω), SjjB being the spectral density

of the magnetic fluctuations [128, 130], and Pi(r,p) is a normalized phase

space distribution for level i. ∆Vif = E0
if +Vf −Vi, where E0

if is the Zeeman

splitting calculated using the Breit-Rabi formula, predicting a difference of

h× 95 kHz between E0
12 and E0

01. Vj = 1
2mjM

∑
k=x,y,z ω

2
1kr

2
k +Mgz, where

ω1k is the trapping frequency of the mF = 1 level along the kth axis (frequen-

cies given above), mj (j = i, f) are the indices of the initial and final Zeeman

sublevels, and g is the gravitational acceleration which causes a shift of the

trap centers relative to each other. Assuming a Maxwell-Boltzmann distri-

bution, Pi ∝ e−p
2/2mkBT e−Vi/kBT with a constant temperature T for both

levels, Eq. (4.5) reduces to an integral over dimensionless space coordinates

γi→f = 4
m

3/2
i√
π

∫ ∞
0

dqq2e−(miq
2+η2/mi)

sinh(2ηq)

2ηq
×

× Γif (ω = (E0
if + q2kBT )/~), (4.6)

where η = (g/ω1z)
√
M/2kBT . Trap frequency variations due to the non-

linear Zeeman effect are neglected.

The theoretical curves are calculated utilizing a fit to the independently

measured spectrum of the red noise curve in Fig. 4.2: a Lorentzian of 1 kHz

FWHM multiplied by a Gaussian with σ = 150 kHz for the center peak, two

identical Gaussians for the two side peaks, and a constant for the background

white noise. Finer details of the noise are ignored. The band in Fig. 4.4

represents the different theoretical values of R∞ for cloud temperatures

ranging from 0.5µK to 1.5µK. This 1µK wide band accounts for heating

due to the transition process (1
4kBT per 2 → 1 → 2 cycle in Fig. 4.5) and

due to uncontrolled background noise.
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Figure 4.6: Demonstration of control by noise. We use red-detuned noise
(∆f = −0.2 MHz) for 200 ms, transferring most of the atoms into level
mF = 1 (as predicted in Fig. 4.4). We then (t = 0) apply blue-detuned noise
(∆f = +0.4 MHz) which transfers all the atoms into level mF = 2, again as
predicted.

4.4 Further verifications of the model with various

noise types

To further verify our model and to demonstrate control by noise, we used

red-detuned noise (∆f = −0.2 MHz) to prepare the atoms in a specific

steady-state ratio (R∞ = 0.7, Fig. 4.4). Then (t = 0 in Fig. 4.6) we switched

to ∆f = +0.4 MHz, leading to a new steady state where all the atoms are in

mF = 2, as predicted in Fig. 4.4.

It is interesting to consider our model for the two limits noted previously,

namely, white noise and monochromatic radiation. For white noise our theory

predicts R∞ = 1/3, which is confirmed by our measurement presented in

Fig. 4.7. The prediction of our model for the other limit may be estimated by

introducing into Eq. (4.6) Γif (ω) ∝ δ(ω − ωnoise). It follows that transitions

occur only for ∆f ≥ 0 and that the ratio β becomes

βmono = 2−3/2 exp

(
2π~∆f −Mg2/4ω2

1z

kBT

)
. (4.7)

The factor 2−3/2 is the 3D ratio between the density of states in the two

levels. The second term in the exponent is due to the different gravitational
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Figure 4.7: Measured ratio R(t) when applying white noise. The measured
asymptotic value of R∞ = 0.344± 0.004 (values from the fit) is close to the
predicted R∞ = 1/3. Error bars (not shown) are estimated as in Fig. 4.1.

shift of the atomic potential minima. When the transition 1 → 0 is far

detuned from the transition 2 → 1 (α → 0) due to the non-linear Zeeman

shift, limα→0R∞ = 1/(1 + β) ≈ 0.92 (1µK), 0.85 (2µK), relative to a value

of R∞ ≈ 0.73 expected from the density of states ratio alone. This explains

the high theoretical values in Fig. 4.4 near resonance, where the noise is

dominated by a sharp peak. We attribute the fact that R∞ ≤ 0.8 in all

our near-resonance measurements to fast heating rates, which were observed

independently. Note also that in this region our assumption regarding thermal

equilibrium is invalid. At |∆f | < 150± 50 kHz, the collision rate (estimated

to be ∼ 0.5 Hz) is slower than the spin flip transition rates estimated by γ̃.

Nevertheless, asymmetry exists in this regime as well, which may indicate

that thermalization is not the fundamental source of the observed asymmetry.

Indeed, in Eq. (4.6) we have used the Maxwell-Boltzmann distribution as a

mere simplifying assumption and we believe that a more elaborate model

would reach similar results without invoking thermal equilibrium.

4.5 Summary

To summarize, we have observed that the spectral shape of noise determines

the relative transition rates between internal levels of trapped neutral atoms,

due to the interplay of these levels with the external degrees of freedom. Since
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non-white noise spectra are common in background and technical noise (e.g.,

in the radio-frequency regime), and may be very significant in some types

of apparatuses such as atom chips [44], these findings may serve to better

understand how noise couples to quantum systems based on trapped atoms.

Future studies should investigate the effects of colored noise on the coherence

in systems of trapped particles with a few levels, and the possibility that

colored noise may be used for the suppression of decoherence, as proposed in

[132–134].
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Chapter 5

Trapping cold atoms using

carbon nanotubes

5.1 Introduction

In the last decade the coherent manipulation of cold atoms has been reduced

to the micrometer scale by realizing magnetic micro-traps on dielectric

substrates using standard microelectronic fabrication techniques. These

platforms, called atom chips [135–138], enable the engineering of complicated

potentials for manipulating atomic quantum states, including beam-spitters,

interferometers, lattices, etc. [44–46]. Bringing the atoms close to the atom

chip surface, near the sources of these potentials, enables tight traps with low

power consumption, and may enable new tools for fundamental studies as well

as numerous applications such as clocks, sensors, and quantum information

processing. However, as the atoms approach the dielectric or metallic surface,

they are perturbed by atom-surface interactions and by temporal and spatial

magnetic field fluctuations. On the one hand, this enables surface microscopy

studies using ultra-cold atoms [84, 139, 140] and studies of dispersion forces,

including the Casimir-Polder (CP) interaction [47, 107, 141–143], but on the

other hand this destroys atomic coherence and introduces heating, trap loss,

and potential corrugation [48, 88, 128].

There have been many suggestions for ways to overcome these limiting

processes and experiments to quantify their success [144–146]. A recent

proposal suggests that using electrically anisotropic materials can help reduce

decoherence due to the nearby surface [90]. Another proposal is to employ

65
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metallic alloys at cryogenic temperatures to improve the lifetime of the

trapped atomic samples [130]. Utilizing superconducting wires in atom

chips [147, 148] may suppress some of the hindering effects noted above. Such

wires have recently been used to achieve Bose-Einstein condensation [149],

to trap ultra-cold atoms using persistent currents [150], and to study the

Meissner state [151].

It has also been suggested that suspended carbon nanotubes (CNTs)

could prove to be advantageous for trapping ultra-cold atoms [152, 153]. In

particular, these authors investigated suspended CNTs in order to examine

the feasibility of trapping cold atoms much closer than 1µm from the CNT;

since nearby surfaces were excluded, only the atom-nanotube Casimir-Polder

force needed consideration. For a CNT lying directly on a dielectric surface

and not suspended above it, the Casimir-Polder force becomes much stronger

because of the much larger surface area of the nearby substrate. This

attractive force can destroy the atom trap by inducing tunneling through the

magnetic potential barrier created by the current flowing through the CNT.

Nevertheless, since CNTs grown on surfaces can carry higher currents and

utilize simpler fabrication procedures, it is exactly this system for which we

study the feasibility of trapping cold atoms at sub-micron distances. We also

use accurate Gross-Pitaevskii calculations for atomic densities in order to

fully estimate their trapping capabilities.

The motivation to trap cold atoms close to a CNT ranges from improving

atom optics technology to fundamental studies of CNTs.

The first motivation relates to the goal of creating a trap hundreds

of nanometers from the surface en route to a real solid-state device with

long coherence times [44–46]. Such traps would enable high resolution

manipulations of the external degrees of freedom (e.g., creation of controllable

tunneling barriers), high gradient traps with low power consumption, and

small inter-trap distances (parallel CNTs have been grown with inter-tube

distances as small as 20 nm [154]). Achieving this goal may be hindered by

the Casimir-Polder force that attracts atoms to the surface at short distances,

and by thermal noise that causes the atoms to undergo spin flips, heating,

and decoherence, all of which may be reduced by using CNTs [152, 153].

CNTs may also offer less magnetic potential corrugation due to their ballistic

transport of electrons [155]. In addition, when integrated with high-Q

photonics, CNTs offer sharp absorption peaks (relative to metals) allowing
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resonator modes to be positioned in their vicinity. Another possible advantage

lies in the ability of CNTs to form mechanical oscillators, thus providing

coupling between a cold atom and a macroscopic device [156]. Finally, in

the longer term, CNTs open the door to combining the field of atom chips

with molecular electronics and self-assembled circuits.

The second motivation relates to the atoms’ sensitivity to current cor-

rugation [84, 140] and thermally induced currents [128, 130]. For example,

measurements of the trap lifetime (limited by thermal CNT noise-induced

spin flips) will readily verify whether the standard theory for thermal mag-

netic noise in metals [44, 128] is applicable to CNTs. In addition, the atoms

may serve as a probe for forces such as Casimir-Polder [107] and may therefore

probe the forces induced by the CNT.

In this work we present a realistic scheme, based entirely on procedures

available in atom chip fabrication facilities, for building and testing a single-

wall CNT atom trap. This will hopefully provide a first step in a practical

effort eventually leading to much more complex geometries, including multi-

wall CNT contacts with no need for metallic contacts in the vicinity of the

atom trap [157], arrays of CNTs [158–160], and hopefully even deterministic

growth or positioning of CNTs on atom chips [158, 161]. This feasibility

study utilizes single-wall CNTs grown directly onto a dielectric substrate

and contacted by metal leads. We find that this configuration demands

simpler fabrication, and will enable larger currents than those possible for

suspended nanotubes [162]. For example, to the best of our knowledge,

the maximum current thus far achieved for suspended CNTs of length L

is ∼ (10/L)µA [162], compared to 20µA (L ≥ 3µm) and 45µA (L ≤ 1.5µm)

for surface-grown CNTs [163, 164]. Accordingly, we have also developed

CNT-based atom chip fabrication procedures, the detailed results of which

will be made available elsewhere [165]. In Fig. 5.1 we present such a trapping

structure which we have fabricated, and on which the following simulations

are based. Indeed, we have also verified with our fabricated sample that the

currents used in these simulations are sustainable.

5.2 Atom chip design

Throughout this work we consider 87Rb atoms trapped in the |F = 2,mF = 2〉
ground state above a straight carbon nanotube that is grown on a SiO2-
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1 ¹m

Figure 5.1: Atomic force microscope image of an isolated CNT fabricated and
contacted for use as a Z-shaped wire trap for atom chip experiments. This
sample was produced during development of our fabrication procedures [165].
It includes a straight 1µm−long CNT, grown on an SiO2 layer and electrically
connected with Pd wires (1µm wide × 25 nm thick). The Pd/CNT junctions
are shown at the arrow tips. We have verified that the currents used for the
simulations described in this work are sustainable for the repeated cycling
required by atom chip experiments.

coated Si surface using standard chemical vapor deposition. The typical

fabrication process we use produces straight CNTs varying in length from 0.8

to > 20µm [165]; most of the calculations conducted in this study assume that

the nanotube is 5µm long. The CNT is electrically contacted with parallel Pd

leads [165], forming the atom chip trapping wire shown schematically in

Fig. 5.2. The resulting Z-shaped wire (with 90◦ angles) used for this study

is perhaps the simplest form for magnetic trapping [44]. We usually assume

a CNT current of 20µA; noting that currents > 40µA have been achieved

experimentally [164], we perform some calculations at 35µA in order to

realistically characterize the nanotube trap sensitivity to current.

As with larger magnetic Z-traps, we apply a small bias field (By) in

the direction perpendicular to the nanotube axis, whose strength controls

the position d of the trap minimum above the nanotube. A separate bias

field (Bx) directed parallel to the nanotube axis allows adjustment of the
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Figure 5.2: Schematic representation of the two-layer CNT atom chip, chosen
as the basis for our feasibility study due to its simplicity. The nanotube
is grown by chemical vapor deposition directly onto an upper 100µm-thick
Si/SiO2 substrate (the substrate is not shown in the schematic for clarity).
This substrate is glued to a lower atom chip on which a gold Z-wire has
already been fabricated in order to facilitate loading the CNT trap. For
clarity, only the central portion of this Z wire is shown. The lower chip
contains additional wires for generating the necessary bias fields. The trap
center is located at a distance d above the CNT. Current flows in the direction
designated by I through Pd contacts that are separated by a distance L.
The +z-axis is oriented in the direction of gravity.

magnetic field at the trap minimum (the Ioffe-Pritchard field B0), which is

important for limiting the Majorana spin-flip rate (Sec. 5.4.1).

The bias fields can be achieved by wires positioned on the lower chip of

a double-layered chip design [166], an example of which is shown in Fig. 5.2.

The vertical separation is necessitated by the fact that the magnetic field

component parallel to the atom chip surface vanishes at the height of the

wires producing it, so the Bx and By bias fields that are required very close

to the CNT cannot be created by wires placed in the same horizontal plane.

We use the double-layer configuration to simulate realistic bias fields. These

fields are nearly homogeneous close to the CNT trap minimum but they are

not as uniform as fields provided by external coils; we do not use the latter

however, because the nanotube magnetic trap requires bias fields about three

orders of magnitude smaller than typical bias fields. For such a high degree

of spatial and amplitude control, one would like the source to be nearby. As

presented in Fig. 5.2, the lower chip also includes the loading wire made

with standard gold patterning techniques, while the CNT is visible on the

upper chip (for clarity in the figure, the atom chip substrates are not shown).

The double-layer design also allows implementation of two very different
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fabrication processes and accurate alignment of the gold loading wire directly

beneath the CNT [165] for optimizing the loading procedure (Sec. 5.5). Our

simulations assume a 100µm vertical distance between the loading and CNT

Z wires, based on commercially available Si/SiO2 substrates on which we

have already grown suitable CNTs [165].

5.3 Ground state of the CNT trap

In this section we present a numerical analysis of various CNT trap potentials,

based on solutions to the Gross-Pitaevskii equation. The chemical potential

and atom density are calculated for ground-state atoms and the latter is

used to estimate the expected optical density of the atomic cloud.

5.3.1 Atomic trapping potential

Nanotube magnetic guides are expected to enable very strong confinement

in the transverse direction when atoms are brought nearby [152]. At the

same time however, the Casimir-Polder short-range attractive force [141]

limits how close the atoms may approach the CNT without being lost to it

by tunneling through the magnetic potential barrier created by the current

through the CNT. The trap gradient increases when atoms are brought

closer to the CNT, but the barrier height is reduced. In our case, where we

have chosen the simplest configuration in which the CNT is not suspended,

atoms approaching the CNT also feel the Casimir-Polder force due to the

substrate surface. Throughout this work, we will consider only this atom-

surface Casimir-Polder force since it is expected to be much larger than the

atom-CNT force.

For a ground state atom at a distance z from a planar dielectric surface

of static permittivity ε, the Casimir-Polder potential can be written in the

form [167]

UCP = −C4

z4
, where C4 =

3

8

~cα0

π

ε− 1

ε+ 1
φ(ε), (5.1)

and α0 = 47.3 × 10−24 cm3 = 5.25 × 10−39 F ·m2 is the ground state po-

larizability of the 87Rb atom [167]. The calculation of the dimensionless

function φ(ε) for a single dielectric substrate is described in detail in [168]. In

our case however, the substrate is a dielectric bilayer consisting of a 100µm-
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thick Si wafer coated by a 200 nm-thick layer of SiO2 required to avoid shorts

and to improve CNT growth. Under these circumstances, the Casimir-Polder

potential is dominated by Si for large z (> 1µm), while for small z the

potential is dominated by the thin SiO2 layer. For the intermediate values

of z needed here, a more general description appropriate for multilayered

dielectrics is required [169]; this can be approximated by replacing φ(ε) with

a generalized function of both dielectrics and the thickness of the upper layer

based on the formalism of Schwinger [170, 171]

ε− 1

ε+ 1
φ(ε) −→ F (ε1, ε2, t, z), (5.2)

where ε1 = 4 and ε2 = 12 for SiO2 and Si respectively, and t = 200 nm

is the thickness of our upper SiO2 layer. Milton [172] has calculated the

function F for these parameters, and we find that it can conveniently be fit

by the expression F (ε1, ε2, t, z) = ae−b/z + c where a = 0.223, b = 0.822µm,

and c = 0.463. At a trapping height of z = 0.85µm (measured from

the top surface), this yields F = 0.55 [172], about 18% larger than for

pure SiO2, so thicker layers of SiO2 would not reduce the Casimir-Polder

force significantly (a thicker layer of SiO2 would however reduce the heat

conductivity significantly). Other substrates commonly used for CNT growth,

such as sapphire [158], have much higher dielectric constants (ε = 9.3− 11.5)

so their use would also not reduce the Casimir-Polder force.

The Casimir-Polder interaction is significant only for small atom-surface

distances, modifying the potential created by the interaction of the atomic

magnetic dipole moment µ with the magnetic field B(x, y, z). The total poten-

tial is then the sum of the magnetic potential Umag(x, y, z) = −µ ·B(x, y, z),

the Casimir-Polder potential UCP, and the gravitational potential Ugrav =

+mgz (the atom chip lies above the trap, in the −z direction as defined in

Fig. 5.2, in order to allow free-fall upon release for detection):

U(x, y, z) = Umag(x, y, z) + UCP(z) + Ugrav(z). (5.3)

Examples of the atomic trapping potential are shown in Fig. 5.3(a) for

various trap center positions d. It is evident that optimizing d to obtain

the deepest trap requires balancing the potential barrier at low heights z

with the barrier at large z that is provided by the bias field By. To find this

balance accurately, we must also consider the trap shape, two examples of
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Figure 5.3: Atomic trapping potentials and optical densities for CNT traps
calculated using a current of 20µA through a 5µm-long nanotube. (a) Trap-
ping potential directly above the nanotube (x = y = 0) as a function of
the height z for different positions d of the trap center. The trap center is
controlled using the bias field By. (b) Isopotential surfaces viewed along
the x− and y−axes at an energy of 1.05µK for a trap centered at d = 0.9µm
and at 1.15µK for d = 0.7µm. The openings show where atoms can escape
due to gravity or to the surface, respectively. (c) Trap depth (triangles) and
number of trapped atoms (circles) as a function of the trap center position d.
Inverted triangles show the energy above which atoms can reach the surface
due to the Casimir-Polder force; upright triangles show the energy above
which atoms can drop out of the trap due to gravity. (d) In situ optical
density maps of the trapped atoms for d = 0.85µm, as viewed parallel to the
nanotube and perpendicular to it, calculated using the Gross-Pitaevskii equa-
tion for a trap containing 275 interacting ground state atoms; the chemical
potential µ is 1/3 of the trap depth at this height.

which are shown by the isopotential surfaces in Fig. 5.3(b). Here we see more

clearly the contrast between the high gradients near the atom chip surface

and the weaker gradients further away, causing the broad bulge for large z.

Also apparent is a pronounced bending of the potential towards the surface

at both ends of the trap.

The isopotential surfaces in Fig. 5.3(b) show two possible escape routes,

away from the surface due to gravity directly above the center of the trap

(for d = 0.9µm), or towards the surface due to the Casimir-Polder interaction

at the ends of the trap (for d = 0.7µm). These escape routes are most
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efficiently blocked by two balanced barriers at a trap height of d = 0.85µm,

where the two curves of Fig. 5.3(c) intersect. This height then corresponds to

the deepest possible trap of 1.15µK for the present configuration, which in

turn optimizes the number of atoms that can be held in the trap, as discussed

in the following section.

5.3.2 Atomic and optical densities

The ground state ψ(r) of N interacting bosons in an external potential is

given by the Gross-Pitaevskii equation [69]:[
− ~2

2M
∇2 + V (r) + g|ψ(r)|2

]
ψ(r) = µψ(r), (5.4)

where M is the atomic mass, V (r) is the external potential, µ the chemical

potential, and g = 4π~2as/M is the coupling constant, with as being the

s-wave scattering length (as = 5.4 nm for 87Rb).

For systems with a “large” number of interacting atoms, one often uses

the Thomas-Fermi approximation [69]. As an example, for 275 atoms in

a 5µm-long nanotube trap, this approximation underestimates the chemical

potential by ∼ 15% and the corresponding wave-function is ∼ 10% more

confined in the transverse direction (at 10% of the peak probability) than the

Gross-Pitaevskii wave-function. We therefore solve the full Gross-Pitaevskii

equation for the atomic density calculations throughout this study. For a

given number of atoms in the CNT trap, these solutions yield a ground state

energy, which can be expressed as a fraction of the trap depth. Conversely,

fixing the ratio of the trap depth to the ground state energy determines the

number of atoms N that may be held by any particular CNT trap. We fix

this ratio at 3.0 for all the Gross-Pitaevskii calculations discussed in this

work in order to ensure adequate trapping.

The optical density of the atomic cloud is an essential parameter for

considering detection by standard imaging techniques, as will be discussed

in Sec. 5.5 below. We calculate the ground state density distribution of N

interacting atoms for a nanotube trap of given length and current and then

convert this to the optical density for resonant absorption detection by

integrating along the x or y directions and multiplying by the absorption

cross-section σ0 = 2.907× 10−9 cm−2, as presented in Fig. 5.3(d).

Trapping atomic clouds above CNTs can be a challenging task due to the
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limited current that can be sustained through the nanotube, their shortness,

and the Casimir-Polder attractive force to the surface (see also Sec. 5.4). It

is natural to propose that increasing the trap volume would enable more

atoms to be collected. Using the Gross-Pitaevskii equation and the above

calculations of optical density, we therefore investigate properties of CNT

traps using longer nanotubes and higher currents, while remaining within

practical limits provided by our fabrication study [165].

In Table 5.1 we present calculated atom numbers and trap characteristics

for three “short” (1− 5µm) nanotube traps operating at 35µA, and for four

“long” (5− 20µm) traps operating at 20µA. The expected optical densities

are well within those typically observed in BEC experiments. As can be seen,

the radial trapping frequency νr and the optical density ODy depend on

the CNT current but not on its length (except for the shortest nanotubes).

The axial trapping frequency νax drops in proportion to the trap length since

the contacts that provide the longitudinal confinement are further apart.

For both currents considered, the atom number N grows with increasing

nanotube length L, reaching 2000 atoms for a 20µm long nanotube operating

at 20µA. Increasing the current to 35µA results in tighter traps, as shown

by the higher radial frequencies νr, and sharply increases the atom number

and the corresponding optical density (e.g., almost a four-fold increase for

the 5µm long nanotube). This should encourage experimental improvements

in the maximum current of CNTs, e.g., by decreasing contact resistance or

by improving phonon-mediated heat transfer to the substrate [173].

5.4 Lifetime of the CNT trap

In typical atom chip experiments, atoms are trapped close to a metallic

surface. Random thermal magnetic field fluctuations caused by Johnson

noise within nearby conductors introduce heating, trap loss, and decoherence,

even if the conductors are not carrying current. Technical imperfections, such

as unstable current supplies, introduce further heating. Tunneling through

the magnetic potential barrier, caused by the atom-surface Casimir-Polder

interaction (Fig. 5.3), also limits the trap lifetime. This situation is very

different from that encountered with suspended CNTs [153], for which the

much weaker atom-CNT Casimir-Polder force causes much slower tunneling

loss. Independent of the surface are trap losses caused by Majorana spin flips.
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Other limits to the trap lifetime, e.g., losses due to background gas collisions,

do not contribute significantly since they are typically longer under realistic

experimental conditions.

5.4.1 Majorana spin-flip rate

Cold atoms in a low-field seeking state that are trapped near a vanishing

magnetic field can undergo a spin-flip transition to a high-field seeking state

that is untrapped (Majorana spin-flips). Applying a small offset (Ioffe-

Pritchard) field B0 at the trap center reduces the spin-flip transition rate as

given by the approximate formula [174]:

ΓM =
πωr

2
exp

(
−2|µ||B0|+ ~ωr

2~ωr

)
, (5.5)

where ωr is the trap radial frequency. Equation (5.5) is valid when the

Larmor frequency ωL = |µ||B0|/~ � ωr, requiring that B0 � 5 mG for

radial frequencies typical of the nanotube traps we are considering. Under

these conditions, we choose a Ioffe-Pritchard field B0 that yields a Majorana

spin-flip loss rate of 1 Hz for each of the nanotube traps shown in Fig. 5.3(b-d)

and characterized in Table 5.1.

5.4.2 Tunneling rate

As seen from Fig. 5.3(a-c), atoms can tunnel through the finite barrier to

the atom chip surface. We assume that the Casimir-Polder attraction to

the CNT itself is much weaker than to the dielectric surface (Sec. 5.3.1),

and hence we calculate the tunneling rate accounting only for the latter.

Accurately calculating this rate would require solving the three-dimensional

time-dependent Gross-Pitaevskii equation using an absorbing boundary to

account for loss of atoms that tunnel to the atom chip surface. To the best

of our knowledge, such calculations have not been performed and would

require developing a new theory which is beyond the scope of this work. We

therefore estimate the tunneling rate by averaging the single-atom rate along

the vertical direction (shortest path to the surface) over all points (x, y)

above the atom chip surface, weighted by the atomic cloud column density

in the z−direction obtained from the intitial Gross-Pitaevskii distribution.
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Figure 5.4: Trap loss rates as a function of the distance d between the trap
center and the surface due to Majorana spin flips, tunneling to the surface,
and thermal noise-induced spin flips from the Pd contacts, assuming a 50 s
lifetime due to collisions with background gases. The Majorana and tunneling
loss rates are shown only for a 5µm-long CNT; the thermal spin-flip rates
are for 1, 3 and 5µm-long CNTs. The chosen Majorana spin-flip rate limits
the overall trap lifetime to 1 s for all values of d considered in this feasibility
study.

The one-dimensional rate is given by the following expression [175]:

Γtunn(x, y) = νr exp

(
−2

∫ z2

z1

dz

√
2M

~2
[U(x, y, z)− µ]

)
, (5.6)

where the integration is between the classical turning points z1 and z2. We

expect that this calculation, though approximate, provides an upper limit

to the actual tunneling rate since, for example, the chemical potential de-

creases as atoms are lost to the surface and the tunneling barrier becomes

progressively more difficult to penetrate. We also expect that our estimate

is more accurate than integrating only over the center of the trap [i.e., set-

ting (x, y) = (0, 0)]; indeed, our calculations show that the average tunneling

rate calculated using Eq. (5.6) is faster near the ends of the atomic cloud,

where the barrier is thinner.

A comparison of the Majorana spin flip rate to the tunneling rate is

presented in Fig. 5.4. At the closest distance of d = 0.6µm, we calculate
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Γtunn = 0.03 Hz� ΓM, fixed at 1 Hz as above. Since the tunneling rate drops

rapidly as d is increased, we do not expect this to be a major loss mechanism

for any of the traps considered in this work.

5.4.3 Thermal noise-induced spin flips

The coupling of cold atoms to thermal near-field radiation, arising from the

random motion of electrons within a nearby metallic surface (Johnson noise),

leads to trap loss due to spin flips (as well as to heating and decoherence).

This loss becomes larger as the atom-surface distance is decreased, and

occurs even without an applied current in the conductor. In typical atom

chip experiments the spin-flip loss rate due to such intrinsic noise dominates

that due to technical noise [44]; the latter leads to trap loss through heating

and is discussed in the next section. Here we calculate the thermal spin-flip

rate due exclusively to the Pd contacts because the CNT itself is expected

to cause negligible loss for distances > 200 nm [153].

The thermal spin flip rate can be written within the quasi-static approxi-

mation as [90, 128]

Γth = µ2
Bg

2
F

kBT

4π2~2 ε20 c
4

∑
l,m=⊥

〈i |Fl| f〉 〈f |Fm| i〉 Ylm, (5.7)

where we sum the contribution of all components of the noise perpendicular

to the atomic magnetic moment, Fl is the lth component of the spin opera-

tor, T is the surface temperature, and Yij = tr(Xij)δij −Xij contains the

geometrical integrals

Xij =
1

2

∫
V

dx′
(x− x′)i (x− x′)j

|x− x′|3 |x− x′|3
(5.8)

that sum up the contribution of local fluctuations arising from each point

in the surface volume. The quasi-static approximation is valid when d is

smaller than the skin depth δ =
√

2ρ/µ0ωL (ρ is the resistivity and µ0 is

the permeability of free space) and is easily met here since d . 1µm, much

smaller than the skin depths of metals that are typically tens of µm (the Pd

skin depth at the Larmor frequency is δ ≈ 160µm).

The noise from the Au loading wire is calculated to be negligible (loss

rate < 0.01 Hz), since this wire is located relatively far from the atoms
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(100µm beneath the CNT trap). For our experimental design we thus

expect loss rates due to thermal noise to be dominated by thermal radiation

originating in the Pd contacts, which are located < 10µm from the atoms.

We therefore calculate the thermal noise-induced spin-flip loss rate according

to Eq. (5.7) as a function of d, for different lengths L of the nanotube, and

display the results in Fig. 5.4. We consider a cascade event of spin flips from

|F = 2,mF = 2〉, through |2, 1〉, to the untrapped state |2, 0〉, whereupon the

atoms are assumed to be lost immediately. The total loss rate is an average

over the entire trap volume, which we approximate by calculating the loss

rate where the atom density is highest, namely at the trap center [46]. The

spin flip rate increases for shorter nanotubes, as expected when the distance

to the metal contacts decreases. For the shortest nanotube L = 1µm and

the closest distance of d = 0.6µm considered in this work, we calculate

Γth = 0.15 Hz; for L = 3µm this decreases to Γth = 0.04 Hz and for L = 5µm

it drops by a further 50%. We therefore do not expect thermal noise-induced

spin flips to exceed those due to Majorana spin-flips, which we fix to be a

constant as noted previously.

5.4.4 Technical noise

Another harmful mechanism to be considered is due to atom heating in the

magnetic trap. Heating may lead to atoms acquiring enough kinetic energy

to escape from the trap, especially because of the small trap depths being

considered, or it may destroy coherence by causing the critical temperature

for condensation to be exceeded. In typical atom chip traps the main source of

heating is instability in the currents applied to the trapping micro-structure,

e.g., arising from imperfect power supplies (technical noise). Heating due

to thermal noise from the surface is typically several orders of magnitude

lower [44]. The single-atom heating rate Ṫ arising from excitations of

atoms from the ground vibrational state to the first excited state is given in

convenient units by [176]

Ṫ ≈ 3 · 109 nK

s

~ω
kB

M

amu

( ω

2π · 100kHz

)3 I/A

(By/G)2

SI(ω)

SNI
, (5.9)

where ω is the trap frequency, I is the current in the trapping micro-structure,

and By is the homogeneous bias field in the direction perpendicular to the

wire axis.
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The power spectrum SI (in units of A2/Hz), characterizing the noise of the

parallel component of the magnetic field, is related to the noise amplitude spec-

trum of the power supply by Sv [dBV/
√

Hz] = 20 log10(
√
R2[Ω2] · SI [A2/Hz]),

where Sv = −140 dBV/
√

Hz is a typical value for commercial low-noise cur-

rent sources and R is the load resistance in ohms. Only this component of SI

needs to be considered here because we are concerned only with magnetic

fluctuations that do not flip the spin. Finally, SNI = 0.16 nA2/Hz · (I/A) is

the current shot-noise reference level. Because the resistance of the CNT and

its contacts is quite high (typically, R & 40 kΩ), the level of SI is actually

shot-noise limited for the value of Sv chosen.

Taking the current, bias field, and trap frequency of our 5µm-long

nanotube trap operating at 20µA (Table 5.1), we calculate a heating rate

of Ṫ ≈ 0.1 nK/s. Even for the shortest, highest-frequency traps considered,

we calculate Ṫ ≈ 0.5 nK/s and we conclude that heating due to technical

noise is not expected to limit the experimental lifetime. Note that these

calculated heating rates are significantly smaller than previously measured

rates [88, 177], since the technical noise here is limited to the shot-noise level

because of the low current and high resistance of the CNT.

5.5 Loading and releasing

As part of this feasibility study, we also wish to analyze the loading of

the CNT trap. Transferring atoms from one magnetic trap to another

requires optimization of bias fields and gradients such that the atom transfer

is adiabatic, i.e., the heating due to the transfer process is minimal. In

experimental language this transfer is nearly adiabatic if the two traps are

“mode-matched” [178], i.e., the frequencies and position of the traps must be

similar and the change of the magnetic field gradients should be such that

atoms are not driven into collective oscillation.

Loading of the CNT trap refers to the final transfer of atoms from a

standard gold wire trap to the CNT wire trap. Here, we make use of the

simple gold Z-shaped wire located 100µm directly below the CNT on the

lower layer of the atom chip (Fig. 5.2). By applying a bias field perpendicular

to the wire, a magnetic “loading” trap is created from which atoms can

be transferred into the CNT trap. At the beginning of the sequence, the

loading trap is deep and relatively far from the atom chip surface, and current
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Figure 5.5: (a) Atomic trapping potentials due to a current of 0.5 A through
the gold “Z”-wire only (the “loading” trap), and due to the “combined”
trap, which has in addition a 20µA current flowing through a 5µm-long
nanotube. Both trap minima are 0.85µm from the surface. The nanotube
current creates a much higher potential barrier for the combined trap as well
as generating tighter confinement. (b) Potential isosurface for the combined
trap at an energy of 1.3µK using the above currents, demonstrating how
the combined CNT trap “pinches off” the atom density directly above the
nanotube contacts and isolates it from the atom chip surface.

through the CNT does not influence the trap. As we gradually move the

loading trap closer to the nanotube by increasing the applied bias field, the

magnetic field gradient increases, enabling “mode-matched” conditions.

The trap gets shallower as the loading trap is brought closer to the

atom chip surface, e.g., from 350 to 45µK as the trap minimum position

is decreased from 50 to 10µm from the nanotube (150 to 110µm from the

gold Z-wire). Such a trap can still hold thermal atoms. Below 1µm however,

the barrier height for the loading trap is reduced to < 1µK by the Casimir-

Polder potential, as seen in Fig. 5.5(a). To overcome this problem we create a
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“combined” trap by running a current through the CNT simultaneously. At

these close distances, a current of 20µA in the CNT is sufficient to increase

the barrier height of the combined potential to > 7µK, thus providing a good

shield against tunneling. Consequently, atoms that are immediately above

the nanotube will be trapped as shown in Fig. 5.5(b) while the remainder,

originally trapped by the (longer) gold Z-wire, will be lost to the surface.

The effect of the CNT in the combined trap is to “pinch off” the atomic

cloud directly above the nanotube contacts, thus isolating its central portion

from surface depletion. Once this isolation is achieved, current in the gold

Z-wire can be turned off, leaving the atoms trapped by the magnetic field

generated only by the nanotube.

Finally, after some trapping time, the atoms should be detectable. This

could be accomplished using highly sensitive micro-cavity [179–182], micro-

disc [183–187], or fiber-based fluorescence [188, 189] techniques. In this

feasibility study however, we focus on simple resonant absorption imaging

using external optical elements in order to avoid further fabrication on

the CNT atom chip (although, if required, this can indeed be done).

Given the typical spatial resolution of absorption imaging, we need to

release the cloud from the CNT trap and allow it to drop (due to gravity) and

expand. The cloud should drop far enough that the imaging laser beam will

not be diffracted from the surface (& 50µm), and the cloud should expand

sufficiently for it to be observable with modest resolution (∼ 2µm) without

losing too much optical density (& 0.1). These conditions are satisfied

within ∼ 2− 5 ms time-of-flight, as shown in Fig. 5.6.

Trap release may be initiated by turning off all the magnetic fields and

the CNT current. However, if the magnetic force is turned off completely,

the strong Casimir-Polder force would overcome gravity for portions of the

cloud that are released too close to the surface [Fig 5.6(a)]. While adiabatic

de-loading of the magnetic trap is possible [47], we consider instead ejecting

all the atoms by turning off the By and Bx bias fields, thereby applying

a magnetic gradient due to the current still passing through the CNT. As

both B0 and the CNT field give rise to a Larmor frequency of only a few

tens of kHz, one should take care to close the fields sufficiently slowly to

avoid spin flips to high-field seeking states. In early stages of the trap release,

the bias fields are therefore turned off gradually while the magnetic field

generated by the nanotube is still on. This creates a magnetic potential
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Figure 5.6: (a) Position of atoms in the cloud as a function of time-of-
flight under the influence of external potentials. Bands correspond to the
range of initial starting points z0 within the cloud, whose center is located
at d = 0.85µm. The main graph shows the atomic positions under the
influence of gravity, the Casimir-Polder force, and a magnetic gradient. The
inset shows the atomic positions, at short time-of-flight, under the influence
of only gravity and the Casimir-Polder force. Atoms at all points starting
at z0 < zeq = 0.76µm will crash into the chip unless a magnetic gradient is
applied. (b) Evolution of the atom cloud optical density after a time-of-flight
of 2 ms (upper) and 5 ms (lower) under the influence of external potentials
and atomic collisions. The cloud becomes resolvable after 2 ms and remains
detectable even after 5 ms using standard imaging systems. See text for trap
release details.

which is still trapping, but with reduced frequencies and which is moving

progressively further from the atom chip, thereby repelling the atom cloud.

Once the bias fields are turned off completely, the net force acting on the

center-of-mass of the cloud is the sum of the attractive Casimir-Polder force

FCP = −∇UCP dragging atoms toward the surface, the magnetic gradient

force Fmag repelling the atoms from the nanotube, and the gravitational force

Fgrav = mg, also directed away from the atom chip surface. The resulting

equation for the center-of-mass motion is

Mz̈(t) +
4C4

z(t)5
− Fmag −Mg = 0. (5.10)
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We solve the above differential equation classically for two cases, as shown

in Fig. 5.6(a). We first consider atoms under the influence of gravity and the

Casimir-Polder force, but exclude the magnetic gradient. In this case, for

atom-surface distances closer than the position of unstable equilibrium zeq =

0.76µm, defined by the condition FCP(zeq) = Fgrav(zeq), the net force exerted

on the released atomic cloud is directed towards the chip surface. As a result,

atoms released with z0 < zeq will collide with the atom chip unless we retain

the magnetic gradient. We therefore also solve Eq. (5.10) with all three

potential terms. In order to evaluate how different parts of the cloud move,

we assume a range of initial positions around the trap center at d = 0.85µm.

The inset of Fig. 5.6(a) shows that part of a cloud initially trapped at the

cloud center would be lost to the surface because of the Casimir-Polder force.

In contrast, the main part of the figure shows that retaining the magnetic

gradient prevents any part of the cloud from being attracted to the surface,

and very effectively accelerates the atoms downwards, away from the atom

chip.

In Fig. 5.6(b) we consider the expansion of a cloud of interacting atoms.

The cloud expansion is calculated by solving the time-dependent Gross-

Pitaevskii equation for a trapping potential whose frequencies are reduced

exponentially as discussed above. This expansion is superimposed on the

motion of the center of mass, which is solved classically as shown in the

main panel of Fig. 5.6(a). By turning the trapping potential off gradually,

the cloud expansion is reduced compared to the case where the potential

is turned off suddenly. This helps to retain a higher optical density over

longer times, allowing the cloud to further separate from the atom chip for

detection.

Although all aspects of the cloud release can be calculated using the

Gross-Pitaevskii equation, insight may be gained by separately calculating the

center-of-mass motion classically and then propagating the Gross-Pitaevskii

equations in coordinates relative to the center-of-mass, where we approximate

the time-dependent potential in these coordinates by a cylindrical potential.

The center-of-mass calculations show that the atoms will not fall into the

Casimir-Polder potential and that the cloud will fall far enough from the

atom chip for detection with minimal interference from the chip surface. We

expect that a full three-dimensional Gross-Pitaevskii calculation would show

some asymmetric cloud features that would not affect these conclusions and
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would require very fine resolution over the large atomic cloud expansion

volume.

The trap release sequence discussed above is focused on simply detecting

the atom cloud and the number of atoms it contains, rather than imaging

its detailed shape. In particular, the magnetic gradient envisioned provides

a “kick” distorting the initial momentum distribution. Future CNT-based

atom chip experiments may, however, achieve optical densities sufficiently

high that losing the fraction of the atom cloud closest to the surface can be

tolerated. Imaging of cloud expansion undistorted by the magnetic gradient

would then enable accurate measurements of the Casimir-Polder force, as

well as, for example, detailed measurements of current flow in the CNT and

its electrical contacts.

5.6 Conclusion

In this work we have shown that trapping of ultra-cold atoms above surface-

grown single-wall carbon nanotubes is feasible with standard CNT fabrication

techniques and electrical parameters. The number of atoms that can be

trapped increases with the length of the nanotube and the current passed

through it and can reach several thousand for nanotubes longer than 20µm.

We have also shown how a practical two-layer CNT-based atom chip may

be constructed and how the ultra-cold atoms can be transferred from a

conventional magnetic trap to the CNT trap.

Several types of trap losses were considered. Trap properties were chosen

to ensure a Majorana spin-flip loss rate of 1 Hz at a trap center distance

of 0.85µm, slow enough to allow experimental confirmation of atom trapping,

again using practical elements of the atom chip design. Under these conditions

we found that all other trap loss mechanisms are even slower, including

tunneling to the atom chip surface, thermal noise-induced spin flips, and

heating effects.

Finally, we show that loading, releasing, and detecting atoms in the CNT

trap suggested here are feasible with simple procedures.

The results of this study should allow the development and testing of CNT-

based atom chip traps and the investigation of their properties, including

the unique smoothness and electronic characteristics of CNTs, and perhaps

detailed studies of current flow in CNT contacts. A successful realization
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of a CNT atom trap may open the road to numerous improvements of

the atom chip including reduced potential corrugation, lower levels of spin

flip and decoherence, less destructive absorption near cavity modes thereby

facilitating on-chip optical micro-cavities, and, for suspended CNTs, reduced

Casimir-Polder forces and coupling of atoms to mechanical resonators.



Chapter 6

Future interferometric

schemes

In this chapter I present ideas, which have not been implemented yet, for

interferometry on an atom chip. First, I present different level schemes

that can be used with the field gradient beam-splitter, which was presented

in chapter 3, and new interferometry schemes based on this beam-splitter.

Next, I present a different approach for interferometry, where we use a

local potential barrier for transforming a harmonic trap into a double-well

potential.

6.1 Future schemes for splitting and interferome-

try using field gradients

6.1.1 Splitting atoms in magnetically insensitive states

The splitting method presented in chapter 3 is based on the manipulation

of two distinct atomic levels, |1〉 and |2〉. For practical reasons, the idea

was implemented by using the two Zeeman states |F,mF 〉 = |2, 2〉 and |2, 1〉.
However, alternative choices for a pair of levels may provide significant

advantages. One example is a field gradient beam-splitter (FGBS) utilizing

a microwave (MW) transition between two hyperfine states with opposite

magnetic moments, such as the states |2, 1〉 and |1, 1〉, enabling symmetric

splitting with opposite momenta.

Another example is the possible use of the two first-order magnetically

87
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insensitive atomic levels, |2, 0〉 and |1, 0〉 (also separated by a MW transi-

tion), which are not sensitive to magnetic noise during the splitting and the

propagation time in the interferometer. These states are usually referred to

as “clock” states as they are typically used in clocks; they are also equivalent

to the states used in present-day precision interferometers based on light.

A superposition of two momentum states of |2, 0〉 can easily be achieved,

without the need for MW fields, by a Rabi rotation with an RF pulse tuned

to the transition |2, 1〉 → |2, 0〉 after the operation of the FGBS as presented

in chapter 3. This method has the advantage of simplicity, but it does not

benefit from the insensitivity to noise during the splitting process.

In order to fully exploit the advantages of magnetically insensitive states,

we use in the following |1, 0〉 and |2, 0〉 as the |1〉 and |2〉 interferometer states,

by making use of the nonlinear Zeeman effect. A MW π/2 pulse may be

used to create an equally populated superposition of the two states, following

which they may be split into two momentum states using a magnetic gradient

at a high magnetic field. The nonlinear Zeeman shift of the transition energy

between the states is ∆E ≈ αB2, where α = 2π~× 575 Hz/G2. At a distance

of 10µm from a wire carrying 2 A of current, the atoms are exposed to a

magnetic field of B = 400 G and a magnetic gradient of ∂zB = 40 kG/mm.

It then follows that F = ∂z∆E(z) = 2π~× 575× 2B∂zB = 1.22× 10−20 N

and consequently atoms receive a differential velocity of 84.7 mm/s for a 1µs

pulse, equivalent to about 18 ~k. As the two states are relatively magnetically

insensitive, the second π/2 pulse of the FGBS would not be needed and the

two outputs of this beam-splitter could be used for interferometry in way

that is completely analogous to existing interferometers based on optical

beam-splitters. Recombining the two wavepackets similarly requires only a

gradient and one π/2 pulse, and the internal state population can now be

measured.

6.1.2 Future interferometry schemes

In order to construct a full interferometer based on spatial or internal state

interference, one needs to recombine the two momentum outputs of the FGBS.

Here we present two schemes to recombine the two momentum outputs of

the FGBS, thereby creating a full interferometer with spatial or with internal

state interference signals.

In the center-of-mass (CM) frame, an atom accelerated by the force F2
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Figure 6.1: Alternative scheme for FGBS-based spatial interferometry. (a) Af-
ter the FGBS the two momentum components are split spatially. (b) Another
FGBS is applied, creating four clouds (considering only the |2〉 state). Two
are at rest and two have momenta of ±2p. (c) After some evolution time the
two clouds which are at rest expand, overlap, and create a spatial interference
pattern.

(F1) is, at time t after the FGBS, in the state |p,d〉 (| − p,−d〉) where

p = (p2 − p1)/2 and d = pt/M represent the external degrees of freedom

of the center of the wavepackets and M being the mass. At this point their

relative motion can be stopped and, after sufficient free expansion time

(time-of-flight) tTOF, they overlap and create a spatial fringe pattern with

periodicity λ = htTOF/2Md.

The simplest way to stop the relative wavepacket motion is to apply

a gradient (e.g., a harmonic potential) which will accelerate each part of

the wave-function in the opposite direction. This method was used in our

experiment, as described in chapter 3.

An alternative way to stop the relative motion of the two wavepackets

is to apply the FGBS again when the spatial separation between the two

wavepackets is 2d, as shown in Fig. 6.1. Unlike the method used in our

experiment, which is based on a long inhomogeneous gradient pulse, the

proposed method uses a short pulse with the price of reducing the signal

intensity by a factor of 2. Considering only the state |2〉, the spatial wave-

function in CM momentum and position coordinates is 1√
2
(−| − p,−d〉 +

eiφ|p,d〉), where φ is the relative phase accumulated between the two paths

during the propagation. After the second FGBS, which applies a momentum

difference p′, the new wave-function in the CM frame is

1

2

(
−|I−〉

∣∣−p− p′,−d
〉
− |I+〉

∣∣−p + p′,−d
〉

+ eiφ
[
|I−〉

∣∣p− p′,d
〉

+ |I+〉
∣∣p + p′,d

〉])
, (6.1)
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Figure 6.2: A scheme for FGBS-based internal state interferometry. (a) After
splitting and propagation, a restoring force is applied for state |2〉, which
reverses the motion of state |2〉 and repels state |1〉. (b) After an evolution
time, the two momentum components overlap in space. (c) A second FGBS
is applied, forming a superposition of three momentum components, such
that the internal state population of the middle component depends on the
relative phase between the two parts of the wave-function just before the
second FGBS.

where |I±〉 ≡ 1√
2
(|1〉 ± |2〉) as defined after Eq. (3.1). If p′ = ±p we are

left with two wavepackets having the same momentum at ±d, giving rise to

spatial interference after expansion.

If one wishes to use the internal state population as a signal, one needs to

overlap the two parts of the wave-function spatially and then apply another

FGBS, as shown in Fig. 6.2. Once the wavepackets overlap, the second FGBS

is applied, giving rise to a wave-function of the same form as in Eq. (6.1)

with d→ 0. If the magnitude of the momentum kick p′ of the second FGBS

is equal to that of the first FGBS, we are left with two wavepackets with zero

CM momentum in an internal state that depends on the propagation phase

φ. For p′ = ±p in Eq. (6.1), the internal state with zero CM momentum is

1√
2

(−|I±〉+ eiφ|I∓〉) = eiφ/2[∓ cos(φ/2)|2〉+ i sin(φ/2)|1〉], (6.2)

and the population of the states |1〉 and |2〉 depends on the phase φ, as noted

in Fig. 6.2(c).

6.2 Atom chip design for double-well interferome-

try

This section describes the design of an atom chip dedicated to the investiga-

tion of a BEC that is split by a potential barrier created by a static magnetic
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field. One motivation for such a potential barrier lies in our desire to make

progress towards an atom chip interferometer using guided matter-waves, for

which a tunneling barrier is a key component [64]. Such a guided matter-wave

interferometer would preferably use static magnetic fields as they are the

best candidates for the integration of different atom chip components into

a complete device for matter-waves. Another motivation is the possibility

of scaling the interferometer so that several could be used in parallel on

the same atom chip. This scalability, together with local and independent

control of each beam-splitter and interferometer, is hard to implement with

currently available schemes. In addition, investigating the interplay between

tunneling and atom-atom interactions, in a geometry that has not yet been

implemented, is a fundamental scientific goal by itself.

6.2.1 Chip design

In order to put a BEC in a double-well potential and investigate its coherence

properties, it is preferable to split it with a thin barrier. Retaining enough

tunneling to fix the phase between the clouds, allows us to investigate

the tunneling dynamics or to study the interplay between tunneling and

interactions as in a Josephson junction. Entanglement and squeezing (e.g.,

sub-Poissonian statistics) are also interesting to measure. Finally, we would

like to measure the relative phase between the two clouds by releasing them

and measuring spatial interference patterns, so that the two clouds have to

be close and tight enough to create a resolvable interference pattern. Such a

thin barrier can be achieved relatively easily with optical and RF potentials,

but doing this with DC magnetic fields requires the atoms to be very close

to the atom chip surface – only a few micrometers away.

Our design tries to make the thinnest barrier possible while keeping a

reasonable distance of the atoms from the atom chip (about 5µm). It also

addresses technical difficulties such as imaging the atoms very close to the

surface and suppressing harmful effects due to noise from the atom chip

itself.

The atom chip we designed has an advanced fabrication procedure – it is

assembled from two Si wafers with the top one having 5 fabrication layers.

The idea behind this design is to place the largest wires furthest from the

atoms, thus suppressing the Johnson noise they emit, while putting the very

fine wires as close as possible to the atoms so that they can create the fine
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Figure 6.3: Schematic of the double-well atom chip design. Only the upper
wafer is shown. The wafer construction has two layers of wires separated
with a dielectric layer. Another thin dielectric layer and gold mirror are
fabricated on top of these layers. For details and dimensions, see text. The
dielectric layers and the top mirror are not shown.

potentials.

The bottom wafer holds relatively wide wires for the initial trapping and

for the longitudinal bias field (x direction). The top wafer, which is closer

to the atoms, has two layers of wires and its design is shown in Fig. 6.3.

The bottom layer has three parallel wires in the x direction, positioned at

y = 0, ±22µm, each with a width of 15µm. The central wire can be used as

a trapping wire, while the two side wires supply a bias field in the y direction

by running a current in the direction opposite to current in the central

wire. If the two currents are controlled independently, the trap position is

determined by the relative currents in the central wire and the side wires.

On the other hand, if the two currents are supplied by the same current

source, then the trap position is fixed at a height of 20µm from this layer,

with the advantage of being insensitive to current fluctuations. The stability

of the trap position is important because the shape and height of the barrier

is highly dependent on this position, especially when the trap position is as

close as ∼ 5µm from the chip surface.

The barrier itself is created using nine 1µm wide wires, separated by

1µm gaps, which are fabricated on top of a 13µm thick polyimide insulating

layer. The polyimide layer serves as a substrate insulating the 15µm wide

wires of the bottom layer from the 1µm wires of the top layer. Its role is also

to create a flat platform for the wires of the top layer and to keep the wide
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wires of the bottom layer far from the atoms in order to reduce the effect

of their Johnson noise on the atoms. An atom cloud placed 5µm from the

chip surface will be ∼ 6 and ∼ 19µm from these layers, respectively. The

current I1 in the central wire creates the barrier. The other wires are used in

pairs, symmetrically around the central wire, carrying currents I2, ..., I5 and

their role is to enable control of the shape of the barrier and, in particular,

to make it thinner. This is achieved by applying currents in alternating

directions and absolute values that decrease with distance from the center,

as illustrated in Fig. 6.3. The values of the currents that are needed for any

specific purpose are obtained from numerical simulations.

One of the technical problems of trapping atoms close to the atom chip is

imaging the cloud in the trap. This is important for height calibration and

for checking whether the cloud is indeed split in the double-well potential.

Imaging close to the atom chip surface is done using reflection imaging

[139, 190], where the imaging laser beam makes a small angle θ with the

chip and its reflection is imaged. There are two images of the cloud in the

reflected laser beam, and the distance d between them is twice the distance

of the cloud from the surface h [more accurately, d = 2h cos(θ)]. In our chip

design, diffraction of the reflected imaging beam by the nine wires, which

are perpendicular to the trap axis and parallel to the imaging axis, may

severely reduce the quality of the image. Our solution to this problem is to

add another polyimide insulating layer on top of the 1µm wires to smooth

the surface. This layer is ∼ 1µm thick, and on top of it we add a 200 nm

thick gold layer over the entire chip. The resulting top surface is smooth

enough for use as a reasonable mirror for the reflection imaging. According

to our preliminary results the planarization is ∼ λ/10, where λ = 780 nm is

the imaging laser wavelength.

6.2.2 Numerical simulations of the potential and the atomic

ground state

In order to check that the designed atom chip can perform as planned,

we have done a wide range of numerical simulations. Figure 6.4 plots the

potential along the axial direction for different current configurations in the

barrier wires, resulting in different barrier heights [Fig. 6.4(a)] and integrated

1-dimensional atomic densities n1D ≡
∫∫

n(x, y, z)dydz solutions [Fig. 6.4(b)]

for these specific potentials. It is clearly apparent that, as the barrier is
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Figure 6.4: (a) One-dimensional cuts of different potentials and (b) the
corresponding integrated atomic densities n1D of 1000 atoms. In (a) different
potentials are plotted, where the blue line represents no current in the barrier
wires. Increasing the current in these wires creates a barrier in the middle
that splits the cloud into two. In (b) we have plotted the corresponding
integrated atomic densities n1D ≡

∫∫
n(x, y, z)dydz obtained from a steady-

state solution of the Gross-Pitaevskii equation. The blue line represents a
single well potential; as the barrier is increased, the cloud is split into two
parts. One can observe that for the two lowest barrier configurations (green
and red curves) there is still a connection (tunneling) between the two sides
of the double well, while for the other two configurations (higher barrier,
cyan and purple) there is a complete separation between the two sides.

increased, the cloud is split into two distinguishable parts. The goal is to

make a stable potential for intermediate barrier heights, where the wave-

function is split into two main parts but there is still a connection (tunneling)

between them.

Figure 6.5 shows 3-dimensional simulations of the atomic density for

different numbers of trapped atoms. This shows how the chemical potential

of the cloud increases with the atom number. This figure shows that the

difference between the barrier height and the chemical potential is the most

important parameter determining the tunneling rate and hence the coherence

properties of the split BEC. This implies that fluctuations in the currents

that create the potential barrier are equivalent to atom number changes from

shot to shot. Figure 6.5(c) demonstrates that the existence of tunneling

between the two wells cannot always be derived from imaging the atomic

density. The image (right) seems to indicate that there is no connection

between the two densities while the iso-surface plot (left) reveals that they

are connected. The question of how much the two parts of the condensate

are connected is crucial for determining whether phase coherence will be
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Figure 6.5: Iso-surface plots (left) and column density images (right) of the
atomic ground-state cloud for a double-well trap with (a) 18000 atoms, (b)
28000 atoms, and (c) 35000 atoms. The density iso-surface is shown at a
level of 1% from the maximum density. Similar images are expected to be
seen by our imaging system if the atoms could be imaged at their locations
in the trap (in-situ) with ideal resolution.

retained during adiabatic splitting. The atomic densities shown in this figure

represent steady-state solutions of the Gross-Pitaevskii equation and they

therefore represent the density when the splitting is done adiabatically, i.e.,

in a time that is much longer than the trap period. Such adiabatic splitting

prevents excitations but on the other hand it produces number squeezing

of the condensate, i.e., the uncertainty of the number difference between

the wells is reduced and the phase uncertainty is increased according to the

uncertainty relation ∆n∆ϕ > 1.

6.2.3 Fabrication of the atom chip

The fabrication of this atom chip is still a work in progress, but good

preliminary results have already been obtained.

Figure 6.6 shows an optical microscope image of the top wafer. In this

image the gold wires from the two different fabrication layers are visible. The

three horizontal lines are the 15µm wide wires that create the main magnetic
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Figure 6.6: Optical microscope image of the fabricated DC field interferometer
atom chip, whose design is shown in Fig. 6.3. In the image the three wide
wires, which create the magnetic trap, are shown in yellow. The nine thin
wires, which create the barrier, can be identified only by their edges.

trap. The other nine wires are the 1µm wide wires in the second fabrication

layer. These are the wires that create the thin barrier that transforms the

main magnetic trap into the double well.
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Hänsch, O. Hellmig, W. Herr, S. Herrmann, E. Kajari, S. Kleinert, C. Lammerzahl,

http://link.aps.org/doi/10.1103/PhysRevA.70.043629
http://www.nature.com/doifinder/10.1038/ncomms1479
http://www.nature.com/doifinder/10.1038/ncomms1479
http://www.sciencemag.org/content/275/5300/637.short
http://www.sciencemag.org/content/275/5300/637.short
http://dx.doi.org/10.1038/nphys125
http://dx.doi.org/10.1103/PhysRevLett.92.050405
http://dx.doi.org/10.1103/PhysRevLett.92.050405
http://arxiv.org/abs/1005.1922v1
http://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&SrcAuth=mekentosj&SrcApp=Papers&DestLinkType=FullRecord&DestApp=WOS&KeyUT=000269132100020
http://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&SrcAuth=mekentosj&SrcApp=Papers&DestLinkType=FullRecord&DestApp=WOS&KeyUT=000269132100020
http://dx.doi.org/10.1103/PhysRevLett.94.090405
http://dx.doi.org/10.1103/PhysRevLett.94.090405


Bibliography 103

W. Lewoczko-Adamczyk, J. Malcolm, N. Meyer, R. Nolte, A. Peters, M. Popp, J. Re-

ichel, A. Roura, J. Rudolph, M. Schiemangk, M. Schneider, S. T. Seidel, K. Sengstock,

V. Tamma, T. Valenzuela, A. Vogel, R. Walser, T. Wendrich, P. Windpassinger,

W. Zeller, T. van Zoest, W. Ertmer, W. P. Schleich, and E. M. Rasel, “Interferometry

with Bose-Einstein Condensates in Microgravity,” Phys. Rev. Lett. 110, 093602

(2013).

2 citations in pages 3 and 29.

[60] P. M. Baker, M. B. Squires, J. A. Scoville, E. J. Carlson, W. R. Buchwald, and S. M.

Miller, “Adjustable microchip ring trap for cold atoms and molecules,” Phys. Rev.

A 80, 063615 (2009).

3 citations in pages 3, 29, and 30.

[61] B. E. Sherlock, M. Gildemeister, E. Owen, E. Nugent, and C. J. Foot, “Time-averaged

adiabatic ring potential for ultracold atoms,” Phys. Rev. A 83, 043408 (2011).

2 citations in pages 3 and 29.

[62] B. Zhang, M. Siercke, K. S. Chan, M. Beian, M. J. Lim, and R. Dumke, “Magnetic

confinement of neutral atoms based on patterned vortex distributions in supercon-

ducting disks and rings,” Phys. Rev. A 85, 013404 (2012).

2 citations in pages 3 and 29.

[63] P. F. Griffin, E. Riis, and A. S. Arnold, “Smooth inductively coupled ring trap for

atoms,” Phys. Rev. A 77, 051402 (2008).

2 citations in pages 3 and 29.

[64] Y. Japha, O. Arzouan, Y. Avishai, and R. Folman, “Using Time-Reversal Symmetry

for Sensitive Incoherent Matter-Wave Sagnac Interferometry,” Phys. Rev. Lett. 99,

060402 (2007).

6 citations in pages 3, 12, 29, 30, 41, and 91.

[65] G.-B. Jo, Y. Shin, S. Will, T. A. Pasquini, M. Saba, W. Ketterle, D. E. Pritchard,

M. Vengalattore, and M. Prentiss, “Long Phase Coherence Time and Number

Squeezing of Two Bose-Einstein Condensates on an Atom Chip,” Phys. Rev. Lett.

98, 030407 (2007).

3 citations in pages 4, 29, and 47.

[66] G. E. Marti, R. Olf, and D. M. Stamper-Kurn, “A Collective Excitation Interferometer

for Rotation Sensing with a Trapped Bose-Einstein Condensate,” arXiv:1210.0033

(2012).

One citation in page 4.

[67] H. J. Metcalf and P. van der Straten, Laser Cooling and Trapping (Springer, 1999).

One citation in page 4.

[68] C. J. Pethick and H. Smith, Bose-Einstein condensation in dilute gases (Cambridge

university press, 2008), 2nd ed.

2 citations in pages 4 and 6.

http://link.aps.org/doi/10.1103/PhysRevLett.110.093602
http://link.aps.org/doi/10.1103/PhysRevLett.110.093602
http://link.aps.org/doi/10.1103/PhysRevA.80.063615
http://pra.aps.org/abstract/PRA/v83/i4/e043408
http://pra.aps.org/abstract/PRA/v83/i4/e043408
http://link.aps.org/doi/10.1103/PhysRevA.85.013404
http://link.aps.org/doi/10.1103/PhysRevA.85.013404
http://link.aps.org/doi/10.1103/PhysRevA.85.013404
http://link.aps.org/doi/10.1103/PhysRevA.77.051402
http://link.aps.org/doi/10.1103/PhysRevA.77.051402
http://link.aps.org/doi/10.1103/PhysRevLett.99.060402
http://link.aps.org/doi/10.1103/PhysRevLett.99.060402
http://link.aps.org/doi/10.1103/PhysRevLett.98.030407
http://link.aps.org/doi/10.1103/PhysRevLett.98.030407
http://arxiv.org/abs/1210.0033v1
http://arxiv.org/abs/1210.0033v1
http://books.google.co.il/books/about/Laser_Cooling_and_Trapping.html?id=i-40VaXqrj0C&redir_esc=y
http://books.google.com/books?hl=en&lr=&id=iBk0G3_5iIQC&oi=fnd&pg=PR11&dq=Bose+Einstein+condensation+in+dilute+gases&ots=0CmH8AeMLw&sig=2rGXbRr7cvDzX_svhgDr9hB0NsQ


104 Bibliography

[69] F. Dalfovo, S. Giorgini, L. Pitaevskii, and S. Stringari, “Theory of Bose-Einstein

condensation in trapped gases,” Rev. Mod. Phys. 71, 463 (1999).

3 citations in pages 4, 6, and 73.

[70] S. Machluf, “MSc thesis,” Master’s thesis, Ben-Gurion University, Beer-Sheva, Israel

(2009).

3 citations in pages 4, 17, and 54.

[71] P. Lett, R. Watts, C. I. Westbrook, W. D. Phillips, P. Gould, and H. J. Metcalf,

“Observation of Atoms Laser Cooled below the Doppler Limit,” Phys. Rev. Lett. 61,

169–172 (1988).

One citation in page 5.

[72] D. S. Weiss, E. Riis, Y. Shevy, P. J. Ungar, and S. Chu, “Optical molasses and

multilevel atoms: experiment,” J. Opt. Soc. Am. B 6, 2072 (1989).

One citation in page 5.

[73] J. Dalibard and C. Cohen-Tannoudji, “Laser cooling below the Doppler limit by

polarization gradients: simple theoretical models,” J. Opt. Soc. Am. B 6, 2023

(1989).

2 citations in pages 5 and 53.

[74] S. Chu, “Nobel Lecture: The manipulation of neutral particles,” Rev. Mod. Phys.

70, 685–706 (1998).

One citation in page 5.

[75] C. Cohen-Tannoudji, “Nobel Lecture: Manipulating atoms with photons,” Rev. Mod.

Phys. 70, 707–719 (1998).

One citation in page 5.

[76] W. D. Phillips, “Nobel Lecture: Laser cooling and trapping of neutral atoms,” Rev.

Mod. Phys. 70, 721–741 (1998).

One citation in page 5.

[77] R. K. Pathria and P. D. Beale, Statistical Mechanics (Elsevier, 2011), 3rd ed.

2 citations in pages 5 and 6.

[78] V. Y. F. Leung, A. Tauschinsky, N. J. van Druten, and R. J. C. Spreeuw, “Microtrap

arrays on magnetic film atom chips for quantum information science,” Quantum Inf.

Process. 10, 955–974 (2011).

One citation in page 10.

[79] R. Schmied, D. Leibfried, R. J. C. Spreeuw, and S. Whitlock, “Optimized magnetic

lattices for ultracold atomic ensembles,” New J. Phys. 12, 103029 (2010).

One citation in page 10.

[80] J. Esteve, J.-B. Trebbia, T. Schumm, A. Aspect, C. I. Westbrook, and I. Bouchoule,

“Observations of Density Fluctuations in an Elongated Bose Gas: Ideal Gas and

http://rmp.aps.org/abstract/RMP/v71/i3/p463_1
http://rmp.aps.org/abstract/RMP/v71/i3/p463_1
http://www.bgu.ac.il/atomchip/Theses/Shimon_Machluf_MSc_2009.pdf
http://link.aps.org/doi/10.1103/PhysRevLett.61.169
http://www.opticsinfobase.org/abstract.cfm?URI=josab-6-11-2072
http://www.opticsinfobase.org/abstract.cfm?URI=josab-6-11-2072
http://www.opticsinfobase.org/abstract.cfm?URI=josab-6-11-2023
http://www.opticsinfobase.org/abstract.cfm?URI=josab-6-11-2023
http://link.aps.org/doi/10.1103/RevModPhys.70.685
http://link.aps.org/doi/10.1103/RevModPhys.70.707
http://link.aps.org/doi/10.1103/RevModPhys.70.721
http://books.google.com/books?id=KdbJJAXQ-RsC
http://link.springer.com/10.1007/s11128-011-0295-1
http://link.springer.com/10.1007/s11128-011-0295-1
http://stacks.iop.org/1367-2630/12/i=10/a=103029?key=crossref.cde244c74787a96beccf9a67b8f0061d
http://stacks.iop.org/1367-2630/12/i=10/a=103029?key=crossref.cde244c74787a96beccf9a67b8f0061d
http://dx.doi.org/10.1103/PhysRevLett.96.130403
http://dx.doi.org/10.1103/PhysRevLett.96.130403
http://dx.doi.org/10.1103/PhysRevLett.96.130403


Bibliography 105

Quasicondensate Regimes,” Phys. Rev. Lett. 96, 130403 (2006).

One citation in page 11.

[81] I. Bouchoule, K. Kheruntsyan, and G. V. Shlyapnikov, “Interaction-induced crossover

versus finite-size condensation in a weakly interacting trapped one-dimensional Bose

gas,” Phys. Rev. A 75, 031606 (2007).

One citation in page 11.

[82] P. G. Petrov, S. Machluf, S. Younis, R. Macaluso, T. David, B. Hadad, Y. Japha,

M. Keil, and R. Folman, “Trapping cold atoms using surface-grown carbon nanotubes,”

Phys. Rev. A (2009).

3 citations in pages 11, 12, and 15.

[83] R. Salem, “Bose-Einstein Condensate on the Atom Chip,” Ph.D. thesis, Ben-Gurion

University, Beer-Sheva, Israel (2010).

2 citations in pages 11 and 22.

[84] L. D. Pietra, Y. Japha, O. Entin-Wohlman, T. David, R. Salem, R. Folman, and

J. Schmiedmayer, “Long-Range Order in Electronic Transport Through Disordered

Metal Films,” Science 319, 1226–1229 (2008).

5 citations in pages 11, 12, 30, 65, and 67.

[85] E. A. Salim, J. DeNatale, D. M. Farkas, K. M. Hudek, S. E. McBride, J. Michalchuk,

R. Mihailovich, and D. Z. Anderson, “Compact, microchip-based systems for practical

applications of ultracold atoms,” Quantum Inf. Process. 10, 975–994 (2011).

One citation in page 12.

[86] G. Stern, B. Battelier, R. Geiger, G. Varoquaux, A. Villing, F. Moron, O. Carraz,

N. Zahzam, Y. Bidel, W. Chaibi, F. Pereira Dos Santos, A. Bresson, A. Landragin,

and P. Bouyer, “Light-pulse atom interferometry in microgravity,” Eur. Phys. J. D

53, 353–357 (2009).

One citation in page 12.

[87] T. van Zoest, N. Gaaloul, Y. Singh, H. Ahlers, W. Herr, S. T. Seidel, W. Ertmer, E. M.

Rasel, M. Eckart, E. Kajari, S. Arnold, G. Nandi, W. P. Schleich, R. Walser, A. Vogel,

K. Sengstock, K. Bongs, W. Lewoczko-Adamczyk, M. Schiemangk, T. Schuldt,

A. Peters, T. Konemann, H. Muntinga, C. Lammerzahl, H. Dittus, T. Steinmetz,
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I. Bar-Joseph, P. Krüger, and J. Schmiedmayer, “Bose–Einstein condensates: Micro-

scopic magnetic-field imaging,” Nature 435, 440–440 (2005).

2 citations in pages 65 and 93.

[140] Y. Japha, O. Entin-Wohlman, T. David, R. Salem, S. Aigner, J. Schmiedmayer, and

R. Folman, “Model for organized current patterns in disordered conductors,” Phys.

Rev. B 77, 201407 (2008).

2 citations in pages 65 and 67.

[141] H. B. G. Casimir and D. Polder, “The Influence of Retardation on the London-van

der Waals Forces,” Phys. Rev. 73, 360–372 (1948).

2 citations in pages 65 and 70.

[142] C. Sukenik, M. Boshier, D. Cho, V. Sandoghdar, and E. A. Hinds, “Measurement of

the Casimir-Polder force,” Phys. Rev. Lett. 70, 560–563 (1993).

One citation in page 65.

[143] D. A. Dalvit, P. A. M. Neto, A. Lambrecht, and S. Reynaud, “Probing Quantum-

Vacuum Geometrical Effects with Cold Atoms,” Phys. Rev. Lett. 100, 040405 (2008).

One citation in page 65.

http://link.aps.org/doi/10.1103/PhysRevA.80.053613
http://link.aps.org/doi/10.1103/PhysRevA.80.053613
http://stacks.iop.org/0953-4075/40/i=9/a=S04?key=crossref.7c31b0222fa9b587a921c72ddeba9fa2
http://stacks.iop.org/0953-4075/40/i=9/a=S04?key=crossref.7c31b0222fa9b587a921c72ddeba9fa2
http://link.aps.org/doi/10.1103/PhysRevLett.84.4749
http://link.aps.org/doi/10.1103/PhysRevLett.83.3398
http://link.aps.org/doi/10.1103/PhysRevLett.83.3398
http://link.aps.org/doi/10.1103/PhysRevLett.83.5194
http://link.aps.org/doi/10.1103/PhysRevLett.83.5194
http://link.aps.org/doi/10.1103/PhysRevLett.83.5194
http://link.aps.org/doi/10.1103/PhysRevLett.84.1124
http://www.nature.com/doifinder/10.1038/435440a
http://www.nature.com/doifinder/10.1038/435440a
http://link.aps.org/doi/10.1103/PhysRevB.77.201407
http://link.aps.org/doi/10.1103/PhysRev.73.360
http://link.aps.org/doi/10.1103/PhysRev.73.360
http://link.aps.org/doi/10.1103/PhysRevLett.70.560
http://link.aps.org/doi/10.1103/PhysRevLett.70.560
http://dx.doi.org/10.1103/PhysRevLett.100.040405
http://dx.doi.org/10.1103/PhysRevLett.100.040405


Bibliography 111

[144] P. Rekdal, S. Scheel, P. Knight, and E. A. Hinds, “Thermal spin flips in atom chips,”

Phys. Rev. A 70, 013811 (2004).

One citation in page 65.

[145] S. Scheel, P. Rekdal, P. Knight, and E. A. Hinds, “Atomic spin decoherence near

conducting and superconducting films,” Phys. Rev. A 72, 042901 (2005).

One citation in page 65.

[146] J.-B. Trebbia, C. Garrido Alzar, R. Cornelussen, C. I. Westbrook, and I. Bouchoule,

“Roughness Suppression via Rapid Current Modulation on an Atom Chip,” Phys.

Rev. Lett. 98, 263201 (2007).

One citation in page 65.

[147] V. Dikovsky, V. Sokolovsky, B. Zhang, C. Henkel, and R. Folman, “Superconducting

atom chips: advantages and challenges,” Eur. Phys. J. D 51, 247–259 (2008).

One citation in page 66.
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תקציר  
 

בפרוייקט הראשי  שלושה פרוייקטים עיקריים, שאני מתאר בתזה זו.הדוקטורט שלי עבדתי על  בעבודת
בשיטת שטרן גרסה עובדת של הרעיון הישן של מפצל גלי חומר ממשנו לראשונה גרלך. השיטה שלנו -

במרחב, המיוצרים על ידי זרמים בחוט על שבב אטומי,  משת בפולסים של שדות מגנטים משופעיםמשת
אנחנו מעבירים התעבות בוזהבתדירות רדיו בין רמות זימן שונות.  Rabiומעברי  איינשטיין של אטומים -

למצב סופרפוזיציה עם הפרדה מרחבית ורואים פסי התאבכות מרחביים עם יציבות פאזה ברת מדידה. -
התוצאות פורסמו ב -Nature Communications  אחרי תיאור קצר של הרקע 3והן מוצגות בפרק ,

.2וסקירה של המערכת הניסויית בפרק  1לתיזה זו בפרק   

, שתמיד קיים במעבדה כרעש רקע, על אטומים ”צבעונירעש ”שיש לההשפעה  אתחקרנו  נוסףבפרוייקט 
בין רמות זימן של אטומים הלכודים  םיאסימטריהלכודים קרוב לשבב האטומי. הבחנו בקצבי מעבר 

לכודת מגנטית. האסימטריה תלויה בצורה הספקטרלית של הרעש. אפקט זה נובע מיחסי הגומלין בין מב
המצבים הפנימיים של האטום ורמות החופש החיצוניות, מאחר ורמות שונות חוות פוטנציאלים שונים. 

התוצאות, אשר פורסמו ב -Physical Review Letters , 4מוצגות בפרק.  

פורסמו בהפרוייקט האחרון, אשר תוצאותיו  -Physical Review A  בדיקת, הוא 5והוא מוצג בפרק 
של לכידה מגנטית של אטומים קרים על ידי ננו היתכנות צינורית פחמנית בעלת קיר בודד שגודלה ישירות -

ננוע"י אנחנו מראים שהאטומים יכולים להלכד על משטח דיאלקטרי.  זרמים  צינורית פחמנית בעזרת-
בננוקטנים שאינם פוגעים  יוצרים עננים  בנוסף אנו גם מראים שהאטומים ניסיונית). וידאנו(כך צינורית -

 תוצאה זובאמצעות מערכות הדמיה פשוטות. לאפשר זיהוי  כדילכודים בעלי צפיפות וזמן חיים המספיקים 
לכידה של אטומים במרחק הקטן  תאטומי, ומאפשרבשבב ה חדשיםדלת לשימוש במוליכים  תפותח

שטח הפנים.מממיקרון בודד מ  

), אני מציג רעיונות ותוכניות לניסויים הכוללים אינטרפרומטריה אטומית 6לסיום, כסקירה לעתיד (בפרק 
המוצג בתיזה זו וכמה  מימושים אפשריים שונים של מפצל הגל החדש בודקעל שבב אטומי. ראשית אני 

אני מציג תכנון של שבב חדש  בנוסףהמנצלת התקן חדשני זה.  ניות למימוש אינטרפרומטריה אטומיתתוכ
  המייצר מחסום פוטנציאל מקומי ומשנה מלכודת הרמונית בודדת למלכודת כפולה.
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