Ben-Gurion University of the Negev
Faculty of Natural Sciences

Department of Physics

Subject: IMAGING METHODS OF COLD ATOMS

Thesis submitted in partial fulfilment of the resgment for the

degree of Master of Science in the Faculty of Nat8ciences.

By: David Moravchik

29 January, 2009




Subject: Imaging methods of cold atoms
Thesis in partial fulfilment of the requirements for the degree of
Master of Science

In the Faculty of Natural Sciences.

By: David Moravchik
Advisor: Dr. Ron Folman
Department of Physics
Faculty of Natural Sciences

Ben-Gurion University of the Negev

Author’s Signature: Date:

Advisor’s Signature: Date:

Signature of the chairman of the departmental cdtemi

Date:







29




Abstract

Cold atoms research raises new imaging challenges for diffemges of
experiments. Although it is possible to extract information using cuiorel
destructive imaging techniques based upon absorption or emissionmipassible to
track the time evolution of the same atomic cloud without sigmfigaaltering its
properties. Thus, it is essential, in some experiments, to userffnon-destructive
imaging in order to minimize the effect on the atoms.

Here we explore different imaging methods and characterizgiffeeesnces between
them to find the limits of non-destructive imaging methods under nah-cdaditions,
e.g. near the atomic resonance and using large Fourier filters.

We review the fundamental concepts of atom-light interactiordéfredction theory
and its implication for imaging methods using Fourier filtersthia thesis we describe
our application of these methods (dark-ground and phase contrast imagsig)o f
dielectric samples and then to cold atomic clouds in our lab. Wayze and
characterize the signals obtained by these techniques togettierconventional

absorption imaging.
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Chapter 1

Introduction

1.1 General

Following the invention of the laser [Sch58] and the rapid progress of
sophisticated technology during the last half-century, manptsstie put their efforts
into conducting experiments in which lasers are used to manipulate amtbmihe
time evolution of an atomic ensemble cooled to ultralow, i.e. a¥i&lvin,
temperatures [KetO1l, Coh97, And95, Fol02]. Almost all experimenta fiat
ultracold atoms are obtained from optical observations [Hal03, TurO4] mbbe
laser scattering from the atomic cloud. Collecting inforaratirom the scattered
light exploits three processes that occur during the atomidligltaction, namely
absorption, emission, and phase shift. In a two-level atomic malosbrption and

scattering rates depend upon the incident light intensity gfterg)), detuning

, (isthe laser frequency anq is the atomic resonance), and the excited
state linewidth . Also, when a photon hits an atom in its ground state, it carr eithe
be absorbed or undergo a phase shift The atom’s effect upon the photon is
expressed by the complex atomic susceptibilityand the complex refractive index

n. The phase shift is related to the real part of the téfeaimdex, which is inversely
proportional to for large detuning, whereas absorption and fluorescence aedrela
to the imaginary part of, which falls off more rapidly with detuning far from
resonance as it is inversely proportional 1o

Imaging capabilities based upon absorption or emission have the ifajlow

disadvantage: the atoms suffer momentum kicks which may heatothé aloud



[Met03] and ruin the experiment. We wish instead to imagettmsawith minimal
effect, avoiding high absorption probabilities by keeping the prolee fesquency
far from resonance. In this regime, one can image the atsimg the phase shift of
the light instead of its absorbance. This technique can provide antage since (as
mentioned above) the phase shift signal drops linearly with detasimgmpared to
the quadratic drop of absorption, providing higher signal-to-noise ratidsbetter
sensitivity to atomic density. One substantial benefit of smetying techniques is
the ability to measure the time dependence of the atolimicl, as one can measure
sequential images without destroying the cloud; this non-destruatiaging also

eliminates shot-to-shot fluctuations [Hal03].

1.2 Overview of imaging methods

The different imaging methods mentioned above have been used to extract
information from the cloud; the most common extracted informatiotésatom
number density, which can be estimated from the detected inteiasttye integrated
density along the light propagation directidcalumn density) [And97, Tur05].

Each imaging method exhibits different signal-to-noise ratios {SNRile each

technique has its own advantages and disadvantages [Tur04], as wecwss.di

1.2.1 Fluorescence imaging

When a laser light beamear the atomic resonance propagates through a cold
atomic cloud, it will be absorbed and re-emitted. By detgdtie scattered photons,
we can image the cloud as illustrated in Fig. 1.1. Althoughntathod is most
convenient (as one can choose almost any imaging axis) and easyfaionp it

yields a weak signal because the isotropic spatial distribofidhe scattered light



results in just a small portion (in proportion to the solid angkeghimg the detector.
This near-resonance imaging method, as discussed above, is destaodtmay ruin

the experiment.

1.2.2 Absorption imaging

The most common method of imaging ultracold atomic clouds is to shine
resonant probe light beam through the sample and image the “shifbwy the
atomic absorption with a camera, as depicted in Fig. 1.2. shiadow measures the
spatial distribution of the cloud transmission.

Although absorption imaging yields a much higher signal-to-noise thtn
fluorescence imaging — the signal is about 100 times higher —cameot get
guantitative information for dense atomic clouds. (Since thesitmassion drops

exponentially with atomic density, the shadow will be completelgh)

Detecto
[ Probe bea

[] Spontaneously scattered light

\

Lens

Atomic clouc

Figure 1.1- Fluorescence imaging configuration. Some of thetlighscattered by the atoms :
collected by the detector to form an image of tioengc cloud.

. Unscattered light

"t “Shadow’

Detector Lens Lewgomic cloud

Figure 1.2 -Absorption imaging configuration. Some of the tigh scattezd by the atoms and f
shadow created by the “missing photons” is imaged.



Allowing the atomic cloud to expand for a brief time after turnifiigthe trap,
called time-of-flight (TOF) imaging, can reduce the atomic density to acceptable
levels, but one must then repeat the entire experiment for églchtiine because of
the destructiveness discussed above. Furthermore, we must beadithat every
such repetition cannot be perfectly identical. Finally, the pha@@mm undergo

multiple scattering before emerging from optically dense clouds.

1.2.3 Dark-ground imaging

By placing an opaque object in the Fourier plane (the focal plansh@wn in
Fig. 1.3, we block the unscattered light beam and only the ixhtight will reach
the detector, thus, not only the spontaneously scattered photons [{azresdence
imaging) but also the forward scattered photons are detectedngielanuch higher

signal than does fluorescence imaging. For small phase $héftsignal received is

proportional to the phase shift, ? . so one can determine the atomic density

from the signal straightforwardly. This method does not requiyeasalysis to
retrieve the cloud, and exhibits a higher SNR than absorptivarigjmagethods in a

far off-resonance regime.

[0 Unscattered lial
O Unscattered igh e &

Detecto Lens O%a?”e Lens Atomic cloud
0

Figure 1.3 -Dark-ground imaging configuration. An opaque objicthe focal point of the lens
blocks the unscattered off-resonance probe beam liBy detecting the signal due to the scattered
light only, we can deduce the phase shift and ddtfie atomic density. As the opaque dot is placed
in the Fourier plane, we refer to it in this woskaFourier filter.



1.2.4 Phase contrast imaging

This imaging method, first demonstrated in 1934 by Nobel Pazeate Fritz
Zernike [Zer53], is illustrated in Fig. 1.4. A probe laser bedatuned from the
atomic resonance propagates through the atomic cloud, creatingeaspifasn the
light that is scattered, while the unscattered parallel beaimcused onto a phase
shifter. The phase shifter, which is an optically flat eletrwith a small bump or
dimple in the center, adds a phase of2+(positive for a bump and negative for a
dimple) only to the unscattered light and thus enhances the contraatising the
unscattered probe light to interfere with the scattered. lihe atom number density
can be extracted from the detected intensity which is (asrkrgfound imaging)
related to the phase shift caused by the atomic susceptibility.

For small phase shifts, the phase contrast signal is linedreirphase shift

| 1 2 and hence, it exhibits better SNR than the dark-ground method.

pc

Although phase contrast imaging exhibits high sensitivity, it is us#d as
commonly as one would expect. The reason seems to be the gifiicploducing
and aligning the required phase shifter [Mat99, Tur04, Lye03] whliepending on

the size of the object, must be quite small to affect only theattesed light.

[ unscattered light
[ scattered light
Detecto Lens Phase Lens Atomic clouc
dot

Figure 1.4 —Phase contrast imaging configuration. Off-resoright is scattered by the atomic

cloud (yellow) and interferes with the unscattepadallel beam (red). The unscattered beam2s
phase shifted by the phase dot. As the phasesgdaced in the Fourier plane, we refer to it iis th
work as a Fourier filter.



1.3 Motivation

As discussed above, conventional fluorescence and absorption imaging are
destructive measurements which severely affect the experirttaatessential to use
a non-destructive imaging method if one desires to follow the ewnlofi the cloud
by taking a sequence of images of the same cloud without affectin

In this project we discuss and experimentally demonstrate amignsygstem that
allows phase detection rather than conventional absorption imagimgapply the
dispersive imaging methods to cold atomic clouds in order to stgdslgo-noise-
ratio and resolution limitations.

Ultimately, the goal is to replace our group’s absorption intgawith dispersive
imaging so we could probe the evolution of cold atomic clouds. Forahiagpen
we are required to master the world state of the art, ddségretjuired adaptation for
our specific system, and perhaps even introduce improvements to thedmesed

so far.

1.4 Thesis outline

The outline of the thesis is as follows: in chapter 2 we preseowverview of
dispersive imaging methods by reviewing diffraction theory andhtbery of atom-
light interactions in a two-level atom. In chapter 3 we presentlts of preliminary
experiments with dielectric samples made in the universigf®+iabrication center
in order to characterize phase detection using a typical igaystem. Chapter 4
discusses our phase contrast, dark-ground, and absorption imaging oesutild

atomic samples with our corresponding analysis of atomic densities



Chapter 2

Theoretical review

In this chapter we lay the theoretical foundation for imagihgpld atoms. First,
we review Fourier optics, which is the theoretical basis fonipudation of the
optical phase and intensity of light. Then, we describe the ati@mebetween light
and a two-level atom when the atom is weakly excited, and ed¢hig atomic
susceptibility and the refractive index of a gas of ultracold stoRinally, we derive

expressions for the expected signal of different imaging methods.

2.1 Basics of diffraction theory

One of the fascinating properties of lighdiffraction, was experimentally
reported in 1665 by Grimaldi [Go0o96]. Subsequently, more than a geaiftier
Christian Huygens laid the foundation of diffraction theory, it Wwagustin Jean
Fresnel who predicted the light distribution upon propagation through oranear
object.

Here we will present the diffraction theory for the propagation of a
monochromatic light beam in a certain direction. We wish to sihigeHelmholtz
equation in a time-independent, linear, non-magnetic, isotropic and koo
dielectric medium to find the electric field in a plane a distaz from an origin
plane where the polarization of light is perpendicular to the plaife. start from

Maxwell's equations in a homogeneous medium (MKS). [Go096]:



i. E O
i. B O
ii E B (2.1)
t
iv B _E
t
It can be shown [Go096, Tur04] that thexctor wave equatiocan be written as
n°r 2
’E P 0, (2.2)

where ¢ is the light velocity in vacuum and is the refractive index defined as

[Gri06]

(2.3)

0 0
In our case we are interested only in one component, as our imbgamy is
polarized in a plane perpendicular to the general propagation diredtlence the

vector wave equation reduces to the simptadar wave equation

2 2
>, n° “E
Let us represent a complex monochromatic plane \aave spatially dependent

amplitudeE, r with harmonic time dependence:
Ert E re''. (2.5)
The intensity we measure is real, and defined as
lrt ETrtE rt. (2.6)
By substituting Eq. (2.5) into Eq. (2.4) we get Hhelmholz equation
2 k> Er O, (2.7)

wherek is the wave number:



K — 2
c

(2.8)

Referring to free space, the refractive index bez®mnity and the free space
Helmholtz equation is then
> kK*Er O. (2.9)
We assume the following form of solution for thelidkrolz equation:
Er Eé' Eé&“"" (2.10)
When substituting this form in to Eqg. (2.9) we get
K kKK (2.11)
We can therefore write the solution in Eq. (2.19) a

Exyz §K e A . (2.12)

This solution describes a plane wave. It is cteam the exponent argument that the
wave propagates infinitely as long kS ki k’; else, we get a rapidly decaying, z-
dependent wave known asanesceniiGoo96] which can be neglected if we take the
propagation distance to be larger than several Magths (as in our imaging

system). Let us make use of a basic Fourier aisafysd express the field at the

origin planez 0 with the help of a set of simple harmonic funci@nd a complex

amplitudeE k, k, (a Fourier transform in the x-y plane):

Exyz0 Zi E, k k &% dyadj (2.13)

The complex amplitude is the Fourier transformhef field atz  0:

1 ik
E kyZ—ExyZOe

k 25 dxdy { E,x,y z0}, (2.14)

z 0 x?

which is known as thangular spectrunof the wave field.
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Now we propagate this field to distance z and bheepiane wave traveling in
different directions from the origin as deriveddq. (2.12). We also use the linearity

of the wave equation to deduce:

1 iz, /K> K2 K2 i kyx
E xyz — Eo K,k &S5 e gk, (2.15)
In many optical systems that use a beam propaghgtween optical elements such

that the beam waist is much smaller than the distdbetween the elements, it is

justified to use the Fresnel (or paraxial) appration. We use the binomial

expansion of/1 x wherex is much smaller than unity:

V1 x 1 %x (2.16)

Applying Eg. (2.16) to Eq. (2.15) yields

ey ki K

Therefore,

2

Exyz & dedk'é™ E k k%9 (2.18)

where the phase fact@?, which does not depends on the transverse codedina

later ignored. Using the convolution theorem wewde

2 2
X yy

1

: dxdyE x y z0 & (2.19)
i z

E xvVyz

Eq. (2.19) is the Fresnel diffraction formula, whits commonly used to describe
beam propagation in free space. Now we show tteafield at very large distance
(in the far field limit) reveals the angular speatr (Fourier transform) of the beam at
the origin. By expanding the quadratic argumenitde exponent in Eq. (2.19) we
obtain

ik ik ik ,
1 ., <Y — X%yt =ty

Exyz —&& ExyzO0 % @ dx¢ (2.20)
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When z is much larger than the width of the beanz at0, the termsx?/zand
y?/zvanish, whilex/z tan cos andy/z tan sin  stay constant and

represent the angle of propagation as demonstmatEd). 2.1. The integral in Eq.
(2.20) is then thd-ourier transform  of the complex electric field at the origin
plane, with an additional quadratic phase reprasgna spherical wave front.
Equation (2.20) can be written as:

foz f2

Ef.f, —ee” " Exyzol, (2.21)
Z |

where here we definé,, f, as thespatial frequencies

(2.22)

E x,y,z 0

-

Figure 2.1 -tight propagation through an aperture
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2.2 Atom-light interaction

Let us derive an expression for the complex reffracindex of a cold atomic
cloud, starting from a microscopic view of a singdéom and arriving at a
macroscopic expansion for a dilute gas. We stan fthe general concept of dipole
distribution and then present the quantum theorighit-matter interaction in the

weak coupling limit.

2.2.1 Multipole expansion and the dipole approxiorat

The electrostatic potential of an arbitrary chadggribution ” r at a point R is

as follows [Gri99]:

! 1w (2.23)

40‘Rr‘

V R

where ” r d# is an infinitesimal charge element as illustrairedrig. 2.2. When

the point of observatiorR is well outside the charge distribution, Eq. (2.28

reduced (cf. Appendix A) as follows: we can sirfypif with a unit vectorR:

V R 1 R—Z,d (2.24)
4 , R
where thedipole moment of the charge distributiofy r is defined as
d r"r d#. (2.25)

Figure 2.2 —The potential of a charge distribution.
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Therefore, if we look at a classical dipole of teygposite charge$qseparated by a
distancer , we get:

d qgr. (2.26)
When a bound charge is introduced into an elefigid, it redistributes, and a dipole
moment is induced in the medium. An atom is saithe polarizedwhen its total
dipole moment is not zero. The relation betweenitiduced dipole moment in any

specific species of atom or molecule is given bgqas]
d &, (2.27)

where % is the polarizability.

2.2.2 Quantum picture: an atom as a dipole

Classically, a single atom in a weak electric fiemh be viewed as an driven

oscillator with a damping force of. In the case where the light field is relatively

close to resonance with a single atomic level, arelook at the atom as a two-level

system with a ground and a single excited state.

Let |g) and|e) be the ground and excited energy levels of a Bvellatom with

e

an electron wave function which is a superpositbreigenstates¢, r , &, r .

Then, a general state of the atom is given by [8letO

2) ale,) be) | . (2.28)

where |a° and |b|*are the probabilities of the electron to be foundeach level.
Using the electron wave function we can determimeegrobability densityp r to
find a charge at a spatial region:

pr l&r|. (2.29)
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Clearly,
prdr |&r |2dr la]* |H° 1. (2.30)
For a neutral atom with zero total charge, we surar @ll charge distribution

P, I togetzero:

P I dr O. (2.31)

We wish to find an expression for the atomic dipmlement in order to find the

susceptibility. Therefore we use the definitiornaof electric dipole far enough from

observation point [Gri99] and define a dipole operad er with the expectation

value:
<d> erp r dr, (2.32)

where e is the electron charge. Substituting Eq. (2.2%) Eq. (2.32), we findhe
expectation value of the dipole in a two-level atom

<d> erle r|2 dr. (2.33)
Substituting Eq. (2.28) into Eq. (2.33) and beaiimgnind that integration over all
space of anti-symmetric functions eliminates Eq332 may be reduced as follows:

we choose the quantization axis of the atom toligmed with the direction of the

dipole moment such that we may replace the dippézaior with a scalar:
(d) abd, abd, (2.34)

whered,, d*eg is the matrix element of the dipole operator betwthe two levels:

ge

d, e drni€, re, 1 (&]de), (2.35)

in which n is a unit vector in the quantization axis diregtio
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The free non-interacting Hamiltonian of an atom barwritten as [Lou83]
- E,
» Elo){ol Ela(d J - (2.36)

whereE, E, , and ,is the atomic transition frequency. Hence,

“u€) aEjg bE|e. (2.37)

We now add a weak interacting field equivalent tdri@ing field E acting on the

free oscillator:
E Eycos t. (2.38)
The Hamiltonian of the atom-field interaction is
~ dE. (2.39)

Now we choose the quantization axis of the atoret@ligned with the direction of
the field (for linearly polarized light), such thae may replace the dipole operator

and the field with scalars. We can therefore whatom-field Hamiltonian as

- 0 dge
AR q 0 E,cos t. (2.40)

eg
We now neglect counter-rotating terms, i.e. we wpghe rotating wave

approximation(RWA) [Lou83]:

. 0 d.e!
AF de't go E- (2.41)

€g

Now we wish to write the total Hamiltonian of the atom and atom-field

interaction:

: (2.42)

we apply " to the electron wave function and use Schrédinger equation:



16

d at ~ at

d 2.43
"Gt bt bt (2.43)

A steady-state solution of the Schrodinger equatioh additional damping rate

/2 from the excited state to the ground state leadise following (Appendix B):

dfE t/
<dt> |||—/2 c.c,

where o Is the detuning from atomic resonance. It follotmsit the
polarizability of an atom in an electric field iszgn by

o

ge

1

% .
7 i /2

(2.44)

2.2.3 Susceptibility and refractive index

We now expand our discussion to the macroscopie sdaere the light beam is

transmitted through a volume with many atoms, whietm be considered as a
dielectric medium. We define theolarization P r,t as the amount of dipole

moment per unit volume&#, which is, basically, how many small dipoles exist

volume and how much they are induced by the etefieid. Hence:

Pt Nyge(d) (2.45)

where <d> is the dipole moment of a single dipole ang,,., is the number of

oles

dipoles. On the other hand, the macroscopic linesponse of the polarization to the

field, analogous to the microscopic equation EQR{} is given by
Eort. (2.46)
Here we defined the proportionality constant as theelectric susceptibility Thus,

using Eqg. (2.44)we get
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2

% natomsr ‘dge | /2

. . (2.47)
0 0 2 /2 ?

Let us now look at the plane-wave solution to ttevevequation for a homogeneous
isotropic dielectric medium:
Ezt Ee“ ', (2.48)

Here we have defined a complex wave number:

kK n—, (2.49)
C

where the refractive inden is defined as [Tur04]:

nJ, V1 .. (2.50)

When the susceptibility is small relative to 1 vemaise a binomial approximation

for the square root, such that

(2.51)

Thus, the optical properties of the atomic cloueé governed by the real and
imaginary parts of the susceptibility. The absiorpis governed by the real part of
the susceptibility and the phase shift is goverbgdthe imaginary part of the
susceptibility, as follows:

Let E, be the field at the plane preceding the cloudythéer propagating in the
cloud in the z direction, the fieldE is attenuated and phase shifted as follows
[Ket99]:

E Ete, (2.52)
wheret is the transmission, corresponding to the real glthe susceptibility, and

is the phase shift, corresponding to the imagimpeart, as follows [Ket99, Tur04,

Cha97];
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oD 1
t e e?21(’ (2.53)
Ob_( (2.54)

2 1(°

where ( 7is the detuning in half line widthsOD is the optical density defined

as the product of theolumn densityn with the resonant absorption cross-section
o
oD ) ,n, (2.55)

in which [Ket99]
3 2
)o CIE (2.56)

and n is defined as the projection of the density altreg axis (see Appendix Fig.
C.1):

n MNyomsdZ- (2.57)

4

From this measured column density we wish to ekfitae number of atoms in our

atomic clouds.

4 T T T T T T =
— Phase shift ¢
— Absorpti
I sorption « 5|

K [dimensionless|
[pea] yrys aseyq

_ I I I I I I -
-40 -30 -20 -10 10 20 30 40

5 [MOHZ]

Figure 2.3 -Absorption * and phase shift as a function of detuning for an optical density of
for ¥’Rb with linewidth of$=6 MHz.
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2.3 Imaging atoms with a Fourier filter

Let us derive an expression for the imaging signala few of the imaging
systems described in section 1.2. The light beatheaobject plane (right after the
object) is Fourier transformed by a first lens ith® Fourier plane (at its focal
plane). Next, a Fourier filter placed at the Feuplane may either block (in dark-
ground imaging) or phase-shift (in phase-contragging) a part of the incident
light beam. Then, a second lens performs an ievEurier transform into the
image plane (the plane of the camera). Here wailthe theoretical form of this
signal.

Let E, be a collimated ingoing light beam. We define tiigect plane at,as
the plane perpendicular to the beam, which is &taist after the beam has passed
through the object. If the object is optically rthfi.e. the beam is not severely
distorted while passing through the object), thenfteld in the object plane is given
by

Exyz Btxye™, (2.58)

where x,y is the phase shift as determined by the real pathe complex

refractive index and X,y is the transmission determined by the imaginary g

the complex refractive index as in Eq. (2.54) and (2.53) follows.

At the back focal plane (i.e. theourier plane denoted by, ) of the first

imaging lens, we apply Eq. (2.21) to derive thédfie

E X.¥%. 2 — dx d, (2.59)

where f is the focal length and, is the plane where 0.
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An arbitrary Fourier filter (i.e. an object placatithe back focal plane of the first
imaging lens) may be represented by a rediorx y (1 when x, y is within the
region and O elsewhere), where the light beamaisstnitted with an amplitudg

and an additional phase is imparted. For dark-ground imaging we get0 (no

transmission through the opaque region), while ghase contrast imaging 1
and /2. The shape of the regioR X y is usually designed such that the
unscattered light from the main beam falls withia tegion, while the light scattered
from the object falls outside the regiBnx y . The field at the image plare (i.e.

at the focal point of a second imaging lens) wdaddrepresented by another Fourier

transform as follows:

2y

2x, 2y
1 srx y'er 1 Rx#l Exyz ¢ e’ dx, (2.60)

E XV, 2
“IE T
where for simplicity we have assumed that the fdeabth of the second lens is

similar to that of the first (magnificatioM=1). As E x, vy, z itself is a Fourier

transform of the fieldE x, y,0 at the object plane, we may use the convolution

theorem to write the field at the image plane a@avolution of the field in the

object plane and the Fourier transform of the esgiom in the curly brackets:

E XVyz #rxx,yybj< X X yyrx'xy'yﬂ,

(2.61)
E X,y,z dXdy
wherer X,y is a Fourier transform of the range x, y :
r X,y if R x,y 2 T g2wi i dxdi (2.62)
i

By using Eq. (2.58) we obtain

Exyz E*txye"” sxy®#'elt (2.63)
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where we have defined

s xy &Y dxdyr x xy y tx y'&. (2.64)
In the limit where the rang® x y of the Fourier filter is very small compared to
the Fourier image of the object, its Fourier transf r X,y is much broader than

the region where the transmissionx, y is smaller than 1. It follows that in this

ideal limit where only the unscattered light fadis the regionR, we can replace
by 1.
To be consistent with most literature [SalO7, Tynb# optical intensity will be
defined as
e Er[. (2.65)
Keeping in mind that we are interested in ratio$wken intensities this is an

adequate definition. Thus, in the image planeing the intensity as follows:

| x,y,z |, € €1 # 2#cos  t# cos % co%s |, (2.66)

where | |EO|2. Indeed, for different imaging methods we finffetient intensities.

If no spatial filter is placed at the Fourier plane. 0, # 1, we derive the

known Beer-Lambert law:
| xX,v,2 El,. (2.67)

For dark-ground, the theoretical optimal signabitained wheg 0, s 1, and

% 1.
| x,y,z |, # 1 2tcos |. (2.68)
Thus, for sufficiently small phase shifts, i.e.. 1, one can make the following

approximation:



I x,y,2 Y1 t° t2+ (2.69)

Most worldwide experiments have been conductedamgfel detuning such that the
transmission can be approximated to unity=1. One then finds the dark-ground

signal at far off-resonance to have the simple atadform:

| X,v,2 ~1, °. (2.70)
Finally we refer to the phase-contrast imaging meétho find the theoretical

expected signal. For ideal imaging wessell ,% O, /2 and# 1, and we

find the phase-contrast intensity:

02. (2.71)

[
I X,v,z 1,12 t 2/2tcos —
°3 43

The phase-contrast signal for small phase shifts fan detuningt ~1 is derived
using a Taylor expansion:
1,1 2 . (2.72)
In the following chapters we will make use of thesgressions as we are
analyzing the signal received via the differentgmg methods. In particular we use
a non-ideal Fourier filter which retards the phbge /2.5. This will not extremely

affect the signal, but slightly reduces it, as barseen in Fig. 2.4.

Intensity [I()]

I I l I
-30 -20 -10 10 20 30

0
Detuning [MHz]

Figure 2.4 -Phase contrast signal versus detuning for a fiygita density of 6. A peak signal is
at /2.
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Chapter 3

Imaging experiments with dielectrics

3.1 Motivation

We wish to have a clear and sharp image of a cwlthia cloud in order to
extract information regarding its size and shaje. that end, we must construct an
imaging system that allows size and shape extractio

In this chapter we will identify our imaging limttans by examining capabilities
in terms of resolution and phase-shift detectioW/e analyze the results of
preliminary imaging experiments with dielectric gdes.

We will attempt to imitate the actual cold atomiowd system by placing a
target which retards the phase of the incoming eiaht beam at the object plane,
and we image it to obtain a better understandingusf sensitivity and resolution

limits.

3.2 Imaging system for dielectrics

Different imaging techniques demands different g&tu We present the basic
imaging layout in Fig. 3.1. For this preliminarage, it is most convenient to use a
visible Helium-Neon (HeNe) laser with a wavelength633 nm as a probe so as to
simplify alignment. We attenuate the laser intgngo prevent camera saturation,
with a neutral density filter (each time with difémt transmission), and we use
75 mm and 300 mm focal-length lenses in a telescopéguration setup in order to

expand the beam's waist radius to 4 mm so as tr ¢bg entire object.
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Scattered light Dielectric
a Un-scattered light dot )
. Object Fourier Camera
: L1 filter L2
ND filter

HeNe
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75 mm 300 mm f1l fl f2 2

Figure 3.1- Optical layout for imaging dielectric samplesThe HeNe laser probe beam is
attenuated by a neutral density filter (ND) andanged by a telescope. The probe passes through a
phase-retarding object (simulating atoms) at tlealfpoint of lens L1 and the beam is now composed
of an undisturbed component i.e. unscattered I{ghted) and a second component which is the
change due to an object i.e. the scattered lighgeilow). At the back focal plane of L1 lens wsed

a Fourier filter to block (for dark-ground) or pleashift (for phase contrast) the unscattered light.
more accurate language one may say that the lotiasfil@quency components of the image pass
through the Fourier filter while the high spatie#duency components do not. The second lens (L2)
reconstructs the image of the filtered Fourier ¢farm on the camera.

After the object plane, the collimated beam pasbasligh two additional lenses
with f1=200 mm, f2=100 mm (ThorLabs AC-508) withraurier filter between them
at the Fourier plane. These lenses were chossimigate the actual distance from
the atomic cloud to our first imaging lens; we cainapproach the cloud because of
the distance between it and the vacuum chamberowin@bout 200 mm). In
addition, we could not use lenses with large fdeagth, as available space on the
optical table was limited; for this reason f2 wdm®en to be 100 mm, creating a
demagnification of 2. We used a camera with alpgkee of 6 pum x 6 um (IDS
uEye-1220M) as this is a compact low-cost camernawill be used later to image
the cold atoms.

Our Fourier filter was changed according to thegmg method. For dark-
ground we used a chromium disc with a 200 um diamefor phase contrast we
used a 200 um Indium Tin Oxide (ITO) disc. Thegectications were not chosen
arbitrarily — they correspond to the central widftthe diffraction pattern size of a

typical object.
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3.3 Phase-retarding and -absorbing optical elements

In order to simulate the imaging of cold atomicutle we have to create a phase-
retarding sample of the size of our cloud, with kvedsorbance. To do so, we
manufactured (in the University’s fabrication fégi a dielectric sample as follows:

We used a 3" borosilicate glass wafer, 0.5 mm theokered with a thin layer of
variably shaped ITO (see below). We used ITOit®low absorbance (~15% at
633 nm for all our samples) and its common usehm fabrication center. Its
refractive index is typically in the range of 1& 2.3 [Swa83]; we conducted an
independent ellipsometer measurement and foumdfrictive index to be 2.13. The
shapes we chose were circles, squares and redawgle 3:1 aspect ratio. All
shapes were fabricated in three rows and with anil headline of ‘BGU PCI' to
show the wafer's orientation. The circles’ diamgtesquares’ sides, and the
longitudinal edges of the rectangles were set 20 um to 3 um as shown in  Fig.
3.2. These dimensions were determined by the Wollp considerations: the
smallest feature shouldn't be smaller than the sigetof the probe laser beam in the
focal plane, because we have to ensure that theatiesed light will be completely
filtered. Moreover, the maximal reasonable sizes Watermined according to an
analytic estimation of the expected Fourier tramafanage of an atomic cloud of
100 pum in the Fourier plane i.e. at the back fptahe of the objective L1. One can
find the width of the diffraction pattern of a Gais intensity distribution (at 1/e)

( asfollows [Sal07]:

—_—. 3.1
( ( (3.1)

For a 100 um diameter cloud using an imaging lérisaal length =200 mm, and

the HeNe laser, one finds to be ~800 um. For a lens with a focal length @ 3
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mm and with our diode laser at 780 nm one fijds to be roughly 1.5 mm. It
follows that a phase dot or opaque dot of 200 press will successfully transmit
most of the spectral features of the atomic cloudisturbed. On the other hand, our
probe spot size is 8 mm. This implies that thet spre at the center of the Fourier
plane is 10 um. Hence, it is expected that fos addth a diameter of more than 10
pm, all of the unscattered light will be blockedptrase shifted.

Transparent micrometric features are difficult thgrg it is also hard to
distinguish an ITO feature from other elements e tvafer (such as dust).
However, the spacing between all features in aigwonstant (6.9 mm), allowing
easy swapping between the features so long as aasumes the translation.
Furthermore, although ITO is almost transparentisible light, its reflection (less
than 15%) can be detected, indicating that thasdoéntered. We made four wafers
with different ITO thicknesses, 35 nm, 88 nm, 187 and 314 nm, to apply different
phase shifts. An additional wafer was made wittheomium layer of 320 nm to
absorb the unscattered light when conducting desksgd imaging experiments.
The wafers vary in their thicknesses (denoted hythey apply different phase shifts

to the probe beam according to [HalO3]:

2 n 1t
_ (3.2)

where n is the refractive index and is the wavelength in vacuum. Thus, for 35

nm, 88 nm, 137 nm and 314 nm layers we get phasts sbf about
/8, /3, /2, respectively. All wafers were used as objectshwlie 137 nm

thick layer wafer being used solely as a Fourikerfion the phase-contrast imaging

configuration.
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Figure 3.2- (a) ITO features on a 3" glass wafer. Circkgjares and rectangles are sequentially
ordered by their size. (b) Here, a 200 um cirslgyare and rectangle imaged with a dark field
microscope. These structures were used both éoobfect and for the phase dot.

3.4 Experimental results

3.4.1 Dark-ground and phase contrast images

Initially, we imaged a 314 nm thick ITO sample snt applies a sufficiently
high phase shift, i.e. strong and easy detectsigieal. Dark-ground and phase
contrast images were taken (Fig. 3.3) using theesagtical layout shown on
Fig. 3.1, changing the Fourier filter accordinghe imaging method and exchanging
between L1 and L2 to study different magnifications

Fourier filtering demands high precision when dealwith diffraction patterns
((x of the order of 200 um), and for that reason wedus micrometric translation

stage to change the filter's location.

Figure 3.3- (a) Darkground image of a magnified (f1=100 mm, f2=200 m() wafer's headlin
Here we used a 20@mn chromium disk as a Fourier filter. (b) Phaset@st image of 10®n
magnified square (f1=100 mm, f2=200 mm). The segatickness is 314 nm and the Fourier filte
a 200%n disc of 137 nm thick ITO. For both images a W0 probe power was used and the cam
exposure time was 294.
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3.4.2 Extracting the phase shift

We used our optical setup with f1=100 mm and f2=20® to image ITO
features with different intensities and differémicknesses. With each picture taken,

we chose a 20 x 20 pixels sub-matrix at the ceofténe object with its mean pixel

value to be our sign(aS). The size of the sub-matrix cannot exceed theedgions

of the object but must be big enough for its meatuer to approximate the real
intensity.
For a Gaussian intensity profile one would expeghér signal at the center of

the beam rather than at the edges (because). But in our case, one can neglect
the intensity variation in because the imaging beam waist radius is 4 mns, thu

when it propagates through the region of interedtich is an order of magnitude
smaller) the intensity is approximately constaltoreover, the object is flat; having
a uniform signal that can be measured with goodracy by a 20-pixel matrix.

Let us find the camera’s pixel readout in termslasfer intensity in order to
estimate the signal in terms of power. The overadidout of all pixels of a
completely covered camera &9 1d. (This total readout is regarded as noise).
We now shine a laser beam into the camera and latdcthe total pixel readout
(about 51 1@ for 130 pyW and 58 10 for 150 pW with an exposure time of
214 us); we ensure the beam is completely overthfyyethe camera and that the
intensity is low enough to avoid camera saturatiohhe change in the overall
detected pixel readout is then equivalent to thal tmcoming beam’s intensity as

follows:
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Total power
The difference in pixel's total readout

Power per pixel reado

(3.3)
1309V pW
~2.5— -
51 1¢ 2.9 10 Single pixel s readout

As confirmation, for an imaging beam of 150 pW vimdfthe same intensity per
pixel readout. If one wishes to conduct an indejleah measurement (with different
settings as longer exposure time), one can finchtheber of photon per pixel at a
single pixel readout as follows:

Power per pixel readout
Single photon's energy

Exposure time ~1700 Photons per p. (3.4)

In order to find the relation between phase shiid a@etected signal, we used
fixed probe intensity with the same dark-ground ahdse contrast optical layouts
(f1=100 mm, f2=200 mm, 20@n opaque and ITO discs as Fourier filters for dark-
ground and phase contrast respectively) while dngrite object’s thickness.

Fig. 3.4 shows the measured values of the averiagereadout against a fit to

0.50
0.454
0.404
0.35
0.301
0.254
0.204
0.154
0.104
0.054 X
0.001
-0.05 T T T T T T T T |
-05 00 05 10 15 20 25 30 35 40
Phase shift [rad]

Figure 3.4 —Signal of dark-ground imagesS for magnified 200%n ITO squares with
different thicknesses: 35 nm, 88 nm, 137 nm, 314 firhe probe’s constant power was @4/,
which is low enough to avoid camera saturatione €hor-bars are the standard deviation of the
20x20 pixel matrix around its mean values . Red curve denotes the fit according to Eq. (2.68)
with transmission of? 0.85

Intensity [nW
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the theoretical function according to Eq. (2.68)miransmission ot?> 0.85 (as

was measured for the ITO samples). The fittingapaaterl, is found to bel, 45

pixel readouts (with an error of ~10%). Thus, theming intensityl, in nW per

pixel is:
45 0.0025— nw 0.1 (3.5)
Single pixel s readout pix

Let us now use the known incoming beam power toveéhe expected intensity
per pixel in an ideal system where all the lighdtsered from the object reaches the

camera. The imaging beam has a total power of W therefore the intensity

per pixel is

0,
Lo 2P ixelarea=2 84 35 ¢ ~012Y.. @36
0 per pixel W 2

2

b 4 10° pixel

whereW, is the beam waist radius in meters. The intermstypixel as calculated by

the measured ingoing power is ~10% larger, but nmesnan the error range.
Presumably, the filtered unscattered light andititensity loss during propagation
through the optics reduced the beam power detdwtatie camera. However, the
main cause of the reduction in intensity may be bloeking of some low spatial
frequency components of the light scattered froendbject by the opaque dot.

The same measurement was done using the phasestotgichnique but only
three wafers were imaged as one (137 nm thick)usad as a Fourier filter. Fig. 3.5
shows the measured values versus phase with a fiie theoretical function of

phase-contrast signal - Eq. (2.66) wgh1 ,% 0 and /2 as follows:

| xy.%  bsl € # 2kcos 2 cos g (3.7)
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where the transmission of the objaétand the phase de¥ are 0.85The fitting

parameterl, is found to bel, 35 pixel readouts (with an error of ~11%). The
incoming intensityl , in NW per pixel is then

35 0.0025 ~ 0.088° (3.8)

pixel
As before, we compare this value with the intengigy pixel calculated from a
known imaging beam with total power of HW:

2 76V

Lo per pixel Vi_zp pixel area=————— 36 1& 0.1nW/Pix. (3.9)

o 4 10°

Here we found the intensity per pixel calculatedthy measured ingoing power to
be 12% higher but close to the error range. Farrtieasurement not only was the
imaging beam attenuated by the optics as disclasavek, but also some low spatial
frequency components propagated through the phatseeatiucing the signal. (As

mentioned before, the signal upon phase contrasgiimg stems from interference of

the scattered components with the unscattered .ones)

0.475,
0.4501
0.425]
0.4001
0.375]
0.3501
0.325]
0.3001
0.275] i
0.2501
0.225]
0.2001
0175 &
0.150 T T T T T T T T T T T T T T T 1
00 05 10 15 20 25 30 35 40

Phase shift [ra
Figure 3.5 -Signal of phase contrast images for the same settings as in Fig. 3.4 except for a

single data point at/2 rad as this specific dot (200 um diameter, 18i7thickness) was used as the
Fourier filter in this setup. Red curve denotes fihaccording to theoretical phase contrast digsa
discussed above.

Intensity [nW]
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3.5 Resolution

Let us consider the resolution limits of our imagisystem theoretically and
experimentally. In this section we show resultsregolution measurements with
dielectrics.

In general, opticalesolutionis defined as the distance between two separated
points which can be resolved. We adopt here teelugon criterion defined by
Rayleigh as the distance between two peaks of #mgtions when the peak of the
first Airy pattern is located on the first minimuwhthe second Airy pattern as in Fig.
3.6. Any focal imaging system is diffraction-lim¢ as we cannot make ideal
aberration-free infinitely large lenses.

With our diffraction-limited imaging lens one woukkpect the resolution limit

to be [Hec02]:

optical

1200 (3.10)

where s the focal length and is the diameter of the lens. In our case we have
usedf, =100 mm and =30 mm, such that R~2.5 pm. For other experimests
used lenses with different focal length, (200mm and f;, 300mm) and the

resolution increased accordingly. For our diodeetaat nm the resolution

grew to 3 um forf, 100 mm or 9 um forf, 300 mm.

One can resolve between two points if their geeedraignal is separated by at
least two pixel sizes. This introduces the pieslalution limit and together with the
lens diffraction limit defines the minimal spacimg can resolve. Although we use a

camera with a pixel size of 6 pm, the effectivegbiresolution , may be better

pixe

because it is magnification-dependent, as follows:
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2 pixel size

p—, (3.11)
M

where is the magnification. For the magnification that we used our pixel

resolution limit is 6 um. In our example the resolution is limited ke t

pixel size. In particular in the case of demagnijyby 2 we get 24pum.

Let us estimate our actual imaging resolution loking at the edge of a dark-ground
image of a 200 um square with thickness of 314 ragmified by two. We used a
200 um opaque disk Fourier filter and reduced prpbwer to 41 pW We
compared the edge variation from the dark-grounagen Fig. 3.7, to the edge slope
measured using a high resolution low force stylusfiler (Veeco Dektak 8) as
presented in Fig. 3.8. The edge measured withhtgk resolution force stylus
profiler was 4 pm; but using the dark-ground teghei we found a slope width of 4
pixels equivalent to 24 um; considering a magnifosaof 2 we found the limit two
times higher than our pixel resolution. This congmn suggests that our imaging
resolution is limited not merely by the pixel sizerely but by optical aberrations as

well.

Figure 3.6- Rayleigh criterion definition for the resolutidimit. Two Airy functions originating

from light due to two distant point sources, whistfocused by a lens of diameter overlap such
that the peak of S1 is at the minimum of S2 aé viersa.
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Figure 3.7- One-dimensional plot of the squared intensitysue location. This plot was done at
several cross-sections of the square and foune twohsistent. A diffraction pattern can be seen as
the signal fluctuates periodically. This artifaennot be usually seen in atomic clouds, as thegpha
shift near the edges is slowly varying.
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Figure 3.8(a) The slope of the fabricated ITO square is adoum as measured by a low force
stylus profiler, the mean thickness is 314 nm,T{i®¢ slope in a zoomed in plot.
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Chapter 4

Imaging techniques applied to cold atoms

In this chapter we investigate the different imagmethods applied to our laser-
cooled atomic clouds released from a magneto-dptiap (MOT) [Met03]. The
imaging experimental setup agscribed in section 4.1. An associated algorithm
extract information from the data described in section 4.2. Following our review
of theoretical ideal expected signals, we showresults and conclude withsiort
discussion of the SNR for different imaging metho@nally, we extract the atomic

density from absorption and dark-ground imaging.

4.1 Imaging apparatus

We image a ~400 pK atomic cloud with rougl9’ 10 atoms. The cloud’s
Gaussian shape has a width of roughly 1.8 mm abflilee maximum. Imaging our
atoms requires considerable care with alignmenthe Tiode laser (Toptica

DLX110), tuned to thé’Rb hyperfine F 27 F 3 transition at 780 nm, is

difficult to align as its light is not visible (ithe near infrared) and a special viewer is
required. The imaging probe beam passes throyghaaization-maintaining optical
fiber before expansion into a 20 mm diameter beamalcollimator (Schafter-
Kirchhoff output lens =100 mm) as depicted in Figl. During our imaging
experiments we often need to maintain constant iasensity so we split the beam
from the fiber equally, with one portion of the Higgoing into a photo diode

(ThorLabs PDA55) for measuring the intensity offeamaging pulse.
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Figure 4.1 -Optical layout of the cold atoms imaging experiment

The expanded beam crosses the vacuum chamber asespgarough the cloud
before propagating to the object lens (f=300 mwy).the focal plane a micrometer-
driven translation stage is placed to align therféodilter. The filter's size should
completely encompass the (calculated) probe spetdadi 7.5 um at the focal point.
The size of the filter is also based upon the etquesize of the Fourier image of the
object, which was intended to be a BEC of a sizéherorder of 100 um. According
to Eq. (3.1) such a cloud would have a Fourier ienagh a diameter of 1.2 mm (at
1/e), which is much larger than the size of therfeouilters actually used. The
transmittedight propagates through a second lens (=200 nanidtm an image at
its focal point, exactly where the camera is placed

Demagnification is essential to image relativelggéa clouds with our camera,
whose chip size is 2.8 mm.5 mm. All the optical components after the vamuu
chamber (on the left-hand side of the chamberpkaeed on an optical rail for easy
optimization of their positions, and of the Fouffiéer in particular.

The experiment is conducted in cycles; at the endach cycle the atoms are
released and a 100 ps-long imaging pulse is appliet 5 ms of free fall under
gravity. Five seconds later another such pulsgpsied to image the probe beam
when no atoms are present. All data acquisitiodase by a Labview interface

under our experimental control.
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The imaging beam is calibrated initially using aMsarption imaging
configuration, with an acousto-optic modulator (AONbm IntraAction, model
ATM1001A2) used to detune the probe light from resece. The AOM may be
adjusted for negative (i.e. red) and positive (b&ue) detuning. For each experiment
we use a different Fourier filter: for dark-groumdaging we place a 100 pum-
diameter chromium disc at the Fourier plane angharse contrast imaging we use a
200 um ITO square of 137 nm thickness to impose /2.5 phase shift on the

unscattered light.

4.2 Image analysis

The cloud’s atomic density distribution is not déel straightforwardly on the
camera, and we therefore apply an algorithm tcaekit from the images taken. We
wish to calculate the number of atoms imaged peelpising the three imaging
methods (absorption, dark-ground and phase coptrast

Let 1, be an image of the probe beam taken without atambe end of each

cycle when all other light sources in the chamberaif. Let | andl,; be

abs? Ipc
the images taken without any Fourier filter (absiorpg, with an ITO square as a
Fourier filter (phase contrast), and with an opadise as a filter for dark-ground

imaging respectively. We usk,,...as the image of the incoming probe beam
before the atomic cloud. Ideally, the incomingrbeh, ..., iS the same a$, for

absorption and phase contrast configurations, lmitfar dark-ground imaging.

Therefore, it is essential to distinguisf),...froml, in any dark-ground analysis.
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a b c
Figure 4.2 Images taken during a cycle with a probe power3&W, +7 MHz blue-detuned from
resonance. (a) Imaging beam without the atomsptdenbyl . (b) Absorption image, i.e.l_, .

(c) The atomic cloud's shagg  from Eg. (4.1). The colors correspond to nornealimtensities.

For absorption imaging we find the cloud shape mipy subtracting the
shadow imagel . from the imaging beam, and dividing it by, yielding the

normalized signal:

abs ) (41)

Most of the noise inherent in the imaging beamascelled by this normalization
(Fig. 4.2).

Retrieving the cloud's shape from a dark-groundgenia straightforward as this
method produces scattered light (the signal) omar& Hackground. In Fig. 4.3, we

subtract the background ) from the dark-ground imagd () to find the cloud’s

shape:

S e to, (4.2)

I Im-beam

As before, we normalize the signal with respectttie imaging beam intensity

I (Fig. 4.2(a)) in order to derive an absolute rat@related to the optical

Im-beam
density. The imaging beam is measured withoubpiague dot.
We emphasize that in the dark-ground configuratitwe, unscattered beam is

blocked andl, should be zero. But if unscattered light stillale@s the detector (if,
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a b C

Figure 4.3 4mages taken with a dark-ground configuration dgirencycle with a probe power of
130%V, +7 MHz blue-detuned from resonance. (a) Imadiegm without the atomg, blocked by

an opaque dot at the Fourier plane. (b) Dark-gionmage .. (c) The atomic cloud's sha®
from Eq. (4.2). The colors correspond to normalirgensities.

for example, the dot is improperly aligned or towedl) or noise of any kind causes a
non-vanishing reading, the background subtractidh eiminate this false signal.

But we cannot completely eliminate the noise inhere the imaging beam (as we

did for absorption) because another imaging puseeieded (to obtalp,,....) for

each cycle without the opaque dot, and this reguihanging the alignment for each
cycle.

In this experimental configuration, we need to eashat the images correspond
to dark-ground imaging and not simple fluorescenthis requires us to distinguish
forward scattered photons from spontaneously seattghotons; although we
imaged off resonance, spontaneous scattering maigbiicant.

In order to rule out spontaneous emission as acedar the image signal, we
changed the imaging apparatus as depicted in Fig(a¥4 This imaging
configuration should produce only a fluorescenagnal, since the camera is not
aligned with the imaging beam, i.e. since we aragimg the cloud from the side.
We placed an additional mirror (M3 in Fig. 4.4(a))order to reflect the light from
the opposite direction of the cloud. This was démeexclude the possibility of

defocusing due to the momentum kick the atoms h#dred from a resonant
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M2
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Optical Camera

iber

ammms\

M1

Collimator

Figure 4.4 —Fluorescence imaging of atoms in a MOT. (a) Imggiatup, the probe laser beam
deviates from the detector's optical axis=@00 mm, $=200 mm) then reflected by M3 through the
chamber to impart a balanced momentum kick from dpposite direction. (b) An image taken
without the balancing reflecting mirror (M3). Th&oms suffer a momentum kick upon absorbing the
off-axis probe beam, ejecting some from the clo(). A balancing reflecting mirror (M3) placed so
that two counter propagating probe beams mainkesrcioud's shape in center.

imaging beam. To confirm the mirror alignment, waed the fluorescence imaging
configuration and imaged before releasing the (Fég. 4.4(b) and 4.4(c)). When we
applied an imaging pulse after 5ms of free fallemgravity, we found no signal on
resonance and we thus conclude that spontaneashgr®d photons do not create a
sufficiently large signal to be detected.

We can now be sure that the signal we observeeird#énk-ground configuration
results from forward scattered photons and not fspontaneous emission.

The last imaging method requires more effort taaottthe data. Due to time
constraints, we use a 200 um-square phase dot wieshlarge enough to align
easily. Such a relatively large filter transmitssaattered light as well as a large
guantity of scattered light. Hence, the outpuhalgs similar to absorption. In the

following we describe the image analysis used ¢over the contribution of phase-
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C d

Figure 4.5- Images analyzed to provide normalized phaserasinimage. Images are obtained
from two different cycles, first without a phaseéft#r and then with. The probe intensity is a0,
-5 MHz red-detuned from resonance, and the Fotitter is a 200 pm square. (a) Atomic cloud
retrieved from an absorption imagge.. (b) Atomic cloud retrieved from data taken irphase

contrast configuration i.e.(| o) /1o (c) Subtraction of ‘a’ from 'b’ i.spc. (d) Simulated signal
using the same experimental parameters; all negaglues are replaced by zero.
contrast interference from an image comprising giigm mixed with phase
contrast.

For each cycle using a phase contrast configuratiermeasure another cycle
using an absorption configuration with the sameupeaters, i.e. we run cycles with

the phase dot and cycles without it. Then we sgbtthe images and define the

signal as

I
S 0 pc IO Iabs , (43)
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where | is the imaging beam pulse with the phase dok forand without the phase

dot forl,,) (Fig. 4.5). One cannot simply defirg | I pC/I0 becausel

abs abs

may be different for each cycle.
The phase contrast analysis reveals different pafrthe cloud for different
detuning. Basically, a small part of the high sgdtequencies scattered light passes

outside the phase dot creating the phase conigasils Subtractingl ,, from the

absorption signal ,; leaves the periphery because the optical densityeaedge of

the cloud changes radically, creating high spdtiedjuency in the Fourier plane.
These high spatial frequencies component passdeuttie large phase dot and
therefore interfere with the unscattered light. eTleason for large angle scattering
for these spatial components stems from the Heggnlncertainty principle as the
momentum increases when light is confined to passugh an aperture. For
opposite detuning we extract a “negative” imagehef former as shown in Fig. 4.6
and Fig. 4.7. This intensity flipping caused by &ign change of the phase shift,

separates fast from slowly varying spatial freqieson the image plane.
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c d

Figure 4.6- Phase contrast imaging. (a)-(d) same as Figout with -12 MHz red detuning.

o d
Figure 4.7- Same as Fig. 4.6 but with +12 MHz blue detuning.
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4.3 Theoretical ideal signals

In order to lay the theoretical basis for interprgtthe experimental results, we
first examine the expected imaging signal for themi case in which noise-free probe
light is used with Fourier filters that sharply tiiguish between unscattered light
and light scattered from the imaged atoms. Weiden&'Rb, for which the’Ps,

excited level has a natural linewidth of 6 MHz.

For absorption imaging we use Eq. (4.1) and Edp3(2to derive the output

signal; the cloud shape is given ideally by

1
I, | b

O
s ] 42 1 e 107 (4.4)

abs |
0

wheret is the transmission, such that, 147 is the absorption signal as defined in
Eq. (2.67),0D is the optical density an€l is the detuning in units of§2. The
signal is reduced either by increasing the probetsining from resonance or by
reducing the optical density (Fig. 4.8).

Figure 4.9 shows the behavior of the ideal darkigdo signal (Eq. (4.2)

with 1, 0), which is given by Eq. (2.68):

a b

Figure 4.8 «a) Theoretical normalized absorption sigi&a) versus detuning for different optical

densities. (b)S,, versus optical density for fixed detuning.
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| )
SDG thleoretlcalfDG £ 1 2tcos . (45)

Im-beam
Substitutingt and  according to Eqg. (2.52) and Eg. (2.54), we find tiptical

density dependence:

(4.6)

In Fig. 4.9(a) we see that the dark-ground sigres & dip at resonance if the
optical density is larger than 3.5. On the othemnd) we see from Fig. 4.9(b) that the
maximum signal is achieved for detuning ¢f 1 at an optical density of

aboutOD 8.

Let us assess the dark-ground signal in a non-idesdsurement. First we
quantify the effect of the opaque dot on the atoclaud diffraction pattern as
follows: for a Gaussian-shaped atomic cloud of m@ width at 1/e one finds a
Gaussian intensity distribution of diamete& &5 %n at 1/e in the Fourier plane. A
100 %n diameter opaque dot placed in the Fourier plaeea allows only a small
fraction of the scattered light to pass, as givgrthe ratiobetween the intensity
integrated over 50um (outside the dot) and the incident intensity:

8 -

, 4.7)

suggesting that we have to multiply the detectel#t-deound signal by a factor of 4
in order to recover the intensity predicted by tideal dark-ground imaging.
Evidently, this factor is slightly higher than tlome we find experimentally, as

discussed in the next section.
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a b
Figure 4.9 —a) Dark-ground signal versus detuning for sevemiical densities. (b) Dargrounc
signal versus optical density for different detgninThe maximum intensity (~1.25 ) for dark

ground imaging at detuning of half atomic linewiditn ( 1 (blue curve) is obtained &D of ~8.

Finally, we refer to the phase contrast analysgorithm in section 4.2. The

theoretical signal for ideal phase contrast imagsngjven by

02. (4.8)

S. | _
4 4

pc abs

Itheoreticalfpc I o/%Z 2\/_2 COoSs

Ideally the signal is negative at negative deturfde to the positive phase shift)
and positive at positive detuning (due to a negagiiase shift), but it is not anti-
symmetric around resonance as depicted in Fig. 4Tt0s is due to the fact that the
near-resonant phase contrast signal involves twrtitons from absorption and from
the phase shift. While the contribution due to ph@se shift is anti-symmetric and
the contribution of the absorption is symmetrie thtal signal turns out to be non-
symmetric.

In our case the phase shift imparted by the phasesd/2.5. This phase dot was
made to impart a/2 phase shift for initial tests with a HeNe labeam, but it was
later used with the diode laser at 780 nm. Theadfisenon-ideal phase dot reduces
the signal intensity as depicted in Fig. 4.11. &bwer, the phase dot is large
compared to the Fourier image (at 1/e) of the atoctoud. This implies that the
absorption component of the phase contrast imagenddes the contribution of the

phase shift. An analysis of our experimental rissallows.
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Figure 4.10- Phase contrast imaging, showing the theoreticathalized signaSpCfor various optical
densities and an ideal phase dot that imparts sepstaft of /2 to the unscattered light.

Figure 4.11 -The same plot as in Fig. 4.10 but with a non-igdase dot which imparts a phase
shift of /2.5 to the unscattered light.

4.4 Signal and noise analysis

In this section we present signal and noise armlgbithe measurements. We
analyze the signal at the center of the cloud imagea function of detuning
frequency for the different imaging methods.

Several images were taken (three for absorptiorfigador dark-ground) for the

same detuning and the average sig(@l was calculated over a 10x10 pixel matrix

at the centre of the cloud's image. Let us defreenoise as the standard deviation
) . of the selected 100 pixels. This definition oé thoise is associated with the

signal, i.e., the atomic density, and with noiseeirent in the laser beam. Using a

10x10 area out of the entire image of roughly 2@@xRixels ensures that the atomic
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density variation and the imaging laser beam irntgrdistribution (although it is
normalized) can be neglected. The same analyssdane for an area close to the
edge of the frame with a mean value for the bacakugloof (B} and associated
standard deviatioh,. For noise inherent in the signal (such as sbigtenand noise

added from the optics) we define the SNR as

sNR A3 (4.9)

VE

Let us define the signal to background noise riatio noise inherent in the camera as

readout noise or dark current noise or noise ayisiom the background intensity:

S (4.10)

vH

For all imaging methods we maintain the same inognprobe imaging beam
power of 130A4V. This intensity was chosen to keep the camel@abgsaturation on
the one hand, and on the other hand, to get sefdffigi high signal intensity. For
absorption and phase contrast imaging the probm lezders the camera with little
intensity reduction and this sets an upper linkiar dark-ground the incoming probe
beam is filtered and we wish to detect significaiginal thus setting a lower limit.
Furthermore, for all plots, the error bars are stendard deviation of a few images
taken at the same settings.

For dark-ground imaging, we plot the signal and 8%R as a function of
detuning (Fig. 4.12). We use Eqg. (4.6) to fit teta and find the optical density to
be 7.8. In this plot we observed a clear dip sbn@nce as suggested by Fig. 4.9(a).

For phase contrast, as discussed above, we cotlgerform a quantitative

analysis for the number of atoms nor for the Shitause the Fourier filter was too
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Figure 4.12 «a) Normalized dark-ground signals, .~ versus detuning. From the fit, the free

parameter which is the peak optical density wasndoto be 7.8 (b) Signal to noise ratio
ie.. s, /), (c) Signal to background noise ratio i.&, . /) ., the dip is clearly observed as the

background noise is nearly constant. All errorsbare the standard deviation of 5 pictures taken at
the same detuning.

large and therefore affected most of the scattiégatialso, giving rise to images
similar to standard absorption.

In Fig. 4.12(a) we normalize the on-resonance s$igather than its maximum;
the latter is seen to be ~1.25 times the incommgnisity. This is the maximum
theoretical signal that occurs at a detuning of BziMas shown in Fig. 4.9(b). As
discussed in section 4.3, multiplication of the kdground signal by a factor is
necessary because the opaque dot blocks some etdltered light and decreases
the signal. The best fit to our results is for gignal multiplied by 3 (compared to

the theoretical value of 4). This suggests theeithe cloud is smaller than 1.8 mm

at 1/e or the probe light intensity ( ) is somewhat higher than an average

imaging pulse. Although the signal was multiplada factor of 3, the noise usually
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contains high Fourier components, which would anyla transmitted outside the
opaque dot. Hence, optimizing the Fourier filtesize would improve the SNR.

For absorption imaging, we find the highest sigmalresonance and a peak optical
density of ~5 (Fig. 4.13(a)). We found that thgnsil-to-background noise ratio
(shown in Fig. 4.13(c)) varies. This variationmsgefrom the noise inherent in the
camera and from intensity fluctuations of the inmagbeam between the two pulses
used for each cycle. One can neglect the camdss tecause it is small and
constant with detuning (as one can see from thk&-glmund analysis). But the
intensity fluctuations between pulses of the imgdieam are definitely affecting the
SNR of absorption, bearing in mind that such flatians do not occur for dark-
ground imaging because the imaging beam is blockadFig. 4.13(b) the SNR is
low off-resonance because the absorption is wealkyersely, the on-resonance SNR
is very high because almost all the light is abedrb

Comparing signal-to-noise ratios for absorption dack-ground imaging allows
us to identify the feature that makes phase deteathaging methods preferable to
absorption imaging when using far-detuned lightam-destructive imaging.

In Fig. 4.14 we compare the SNR graphs plotted abior absorption and dark-
ground imaging. When examining the curves far ghofuom resonance the SNR
for dark-ground imaging exceeds that for absorpti¢ilarge detuning is used, the
absorption signal drops, but the phase shift dropee slowly (Fig. 2.10) and phase
detecting imaging methods exhibit superior SNR. er€fore one can use large
detuning and keep the absorption negligible whil@intaining roughly the same

amount of atoms in the cloud after each imagingg@hon-destructive imaging).
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Figure 4.13 -Absorption imaging. (a) Average signals, . 1 ¢ of three images as a

function of detuning; the fit corresponds to aniagitdensity of 5.2. (b) Signal-to-noise ratio. i.e
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of 3 cycles with the same settings.

4.5 Derivation of atomic density

We now analyze the dark-ground image shown in 4ig.to find the number of
atoms in the cloud. Ideally, when a far detuneonh{destructive) probe beam is
used, one would directly calculate the phase gbeft pixel from the intensity
[Ket99], as the transmission for large detuning barregarded as~1. The phase

shift is then extracted using Eq. (2.68):

I X!y’; - IIm-beam 2 ZCOS ! ’ (411)
where herel, denotes the intensity of an incoming imaging beafowever, in our

experiment the absorption was not negligible, heweeused a general expression
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as shown in Eqg. (4.5). The intensity detectedtical-density-dependent according
to Eq. (4.6) (Fig. 4.15(a)). A separate image td tunblocked imaging beam

(1 mpeam) Was taken and used to find thermalized signal intensity. Ideally, one
would extract the optical density in leggixel fromS,; but, as explained in
section 4.3, the dark-ground signgl; is multiplied by 3. Applying Eq. (4.6)

(with the additional factor of 3) to each pixel ults in optical density per imaged

area in a single pixel@D, ), and the number of atoms in an imaged area pef s

then (Appendix C) (Fig. 4.15(b)):

oD, A

N , (4.12)
A )0
whereA pixel ared magnificatio. The total atom number is then
Now < b, A~9.4 10 atom. (4.13)

pixels 0
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d b

Figure 4.15 -bark-ground images (a) The color-bar exhibitical density and number of atoms.
The colorbar is the phase shift retrieved in each pixel, ghase shift is negative as the detuning
+7 MHz to the blue.

Figure 4.16 —Absorption images with different color scales (d)eTcolor-bar exhibits optical
density and the number of atoms.

Let us find the number of atoms extracted from ghitsan imaging (Fig. 4.2).
Ideally (regardless of any noise), one would filé transmission per pixel on

resonance by dividing the atom’s image by the psoieage i.e. [Ket99],

Iabs IOt2 I(e OD'
A 4.14
Ntotal —< |n(t2) ( )
) 0 pixels

But in our case we measured the transmission atd#tuning of +7 MHz. Thus, the

optical density for each pixel was calculated big(B.16(a)):



54

oD 5
0 abs ] @ (7, (4.15)

Im-beam

Or we can find the optical density:
( —_— . (4.16)
Applying Eq. (4.16) to each pixel results in anicgitdensity per imaged ardain a

single pixel ©D,), and the number of atoms in an imaged area p&l 8 again

(Fig. 4.16(b)):

N (4.17)
")
The sum of all pixels result in the total atom nemis then
Now < OD.A_ 4.9 10 atom. (4.18)
pixels 0

Here, we found a peak optical density of 6, howewethe previous section (4.4) we
found an optical density of 5.2 (Fig. 4.13(a)) wére fitted curve passes above the
data points. This suggests that we could not tébecreal absorption signal near
resonance as the camera’s sensitivity is limitdtd.cannot distinguish a “dark”
shadow from a “darker” shadow. Indeed, one magesthat the top of the graph

in Fig. 4.13(a) is quite flat, indicating saturatior in this case, lack of sensitivity.
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Chapter 5

Summary

In this thesis we presented an analysis of severayjing methods applied to
ultracold atom experiments. Our goal has beemtterstand the existing state of the
art and lay the foundation for further improvemenisrst, we studied the theoretical
basis for image formation via phase shift and giigmr. Understanding the
theoretical concepts of absorption, dark-ground @imase-contrast imaging methods
allowed us to extract the signal and assist ineiasing the SNR in our experiments.

The second stage of this work was to charactehneesignal and the resolution of
dark-ground and phase-contrast imaging. This ipieliry stage was essential to
show that these imaging systems provided a defecpdiase dependent signal, and
to prove that these methods are as effective asnthre conventional absorption
imaging in terms of resolution.  As part of thionk, we have also gained
experience in the fabrication of thin-layered ogltielements such as Fourier filters
using (for the first time in cold atom imaging) IT&a®d chromium.

Finally, these imaging methods have been appliedittacold atomic clouds.
We analyzed the data and compared it to analytiesults and numerical
simulations.

This work achieved its goal in understanding arehting the state of the art cold
atom imaging systems and, indeed, contributes tienstand the dispersive imaging
methods in non-ideal conditions where the phasewads relatively large and the
absorbance was not negligible near resonance.

In contrast to other works [Hal03, Mat99, Tur04t%® Hig05], we used a low

optical density object (MOT) with small diffractiopattern with respect to the
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Fourier filter's size, and characterized the damugd and phase contrast signals
using near resonance light. In these non-ideatdinve experimentally demonstrated
the peculiar behavior of the dark-ground signaltreg vicinity of its resonance.
Moreover, we separated the absorption from the gloastrast signal under these
non-ideal conditions to find information about tieud.

One of the outcomes of this work was the creatiba new experimental and
numerical algorithm to separate phase contrastfadataabsorption.

Based on this work, our research group will applgt Banprove these imaging
techniques and analysis methods to the complexiexgetal situations which we

anticipate.
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Appendix A

Multipole expansion

"

The electrostatic potential of an arbitrary chadgribution ” r at a point R is

as follows [Gri99]:

! —1 "r o, JA(!

V R
40\Rr\

1z

where ” r o# is an infinitesimal charge element as illustrate#ig. A.1.

The distance to the point of observation can beessmted as:

‘R r‘ \/rz R> 2Rrcos r\/l LR rT? 2cos . A

The second term in the square root drops/&s, which is small when the point of

observation is well outside the charge distributidtlence we can apply a binomial

approximation:

2 2

+
! r 2c0s 6. JA*!
R 6

1*
m E?}L 2cos

N
ol w

rr r
R R R

This expression can be written as a series of Lérgepolynomials:

118’ ,
WETOT? PnCOS . )A+

Figure A.1 —The potential of a charge distribution



58

Substituting Eq. (A.4) into Eq. (A.1l) results inetlmultipole expansiorof the

potential in the powers df/R:

8 nil

1 rMP cos " r#&. A,

V R < = >
4 ..o R

The leading order when the total charge is zeeo, fhe monopole term vanishes) is

V R

t 1 rcos " r & JA-"
R

2
0
Using a unit vectoR we can simplify the above expression:

1 Rd

V R — A’
4 R )

where thedipole moment of the charge distributiof r is defined as

d r”"r o#. JAVAS
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Appendix B

Derivation of the polarizability

Let us expand the discussion on section 2.1.2htbtfie polarizability%s. We apply
" to the electron wave function and use Schrodiegeation:

d at ~at dbt Ee' Eat

I — i t . )B( '
dt bt bt d,at Ee Ebt
Hence, we find the time derivative of tlagb coefficients:
at LdbtEe LEat,
: ) )B '
[ i
bt —-d.atEge' —Ebt.
Let us define:
i Bt
at ate ,
)B*!
i By
bt bte ,
where:
E. E .
0- )B+
Then,
[
a —d,bE 5 h
)B, "

[ .
b —dgaf ib Eb

where the last term with in both equations was added to represent sponianeo
emission from the excited to the ground state. Wthe spontaneous emission rate

is larger than the Rabi rotation rad&,/ or when is large, the population of the
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excited state will be always small so that to foeder inb the steady state solution

(with the time derivatives set to zero)as- 1 and hence:

d.E/

i /Za. )B-"

And the dipole operator can be expresseafy.

<d t> abe''q., cc )B. "
We get
it ZdegEOdge/ degE t dQ‘! !
— —_— . B
<dt> e''ld 2 cc 72 C )B/

It follows that the polarizability of an atom in afectric field is given by

2

\d

1
i /2

ge

% )B
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Appendix C

Derivation of atom number

In order to find the atom number we shall use Bdp4):

)N ( :
2 1(2 e

where ( is the detuning in units of half natural linewidthdn  ndz is integration

of atom density along the propagation axis knowiea@smn densityas depicted in
Fig. C.1. Let us define the optical density foaged area detected by a single pixel:
oD, ),n. )C

Thus, we find the optical density per pixel as

ODA NX 0 ’ )C*l

whereA is the imaged area by a single piX¢), is the total atom number in an area

covered by pixel. Hence, we can find the numbeatoins per imaged area by a

single pixel:

7|
II/ _—/ , CI
CTT /| )C+

where| A| is the (absolute) phase shift per imaged areasingle pixel. Hence, for

the total number imaged atoms we sum over all pixel

1 2
2020 oy C,

| —
o ) 0 ( Pixels

N

Here we sum over all phase shifts detected in izl to get the total number of

atoms.
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Figure C.1- lllustration of column density in a sphericabmiic cloud, for a magnification of
one and a pixel size of 6um.
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