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Vi

Summary

We investigate both experimentally and theoretically the nteraction of a
quantum system with a coherent focused light beam. The strgth of this
interaction will determine the viability of implementing several quantum in-
formation protocols such as photonic phase gates and quantunformation
transfer from a " ying' photon to a stationary quantum systen. We started
with the investigation of colloidal semiconductor nanocrstals (or quantum
dots (QDs)) such as CdSe/ZnS, CdTe/ZnS, and InGaP/ZnS. We sep a con-
focal microscope to observe the optical properties of indiwal QDs at room
temperature. Our measurements showed that these QDs havesalption
cross sections about a million times smaller than that of ardeal two-level
system, indicating that this physical system can only inteact weakly with
light. The most deterring property of colloidal QDs is that they are chemi-
cally unstable under optical excitation. The QDs were irrearsibly bleached
within a few seconds to a few hours in all our experiments. Thahort coher-
ent time and low absorption cross section of these QDs rendéem di cult
candidate for storage of quantum information.

The second quantum system we investigated was the Rubidiuntkaline
atoms having a simple hydrogen-like energy structure. We tsap a far-
o -resonant optical dipole trap using a 980 nm light to locake a single
8’Rb atom. The trapped atom is optically cooled to a temperatwe of
100 K, and optically pumped into a two-level cycling transition Under
these conditions, the atom can interact strongly with weak aherent light
tightly focused by a lens. We quanti ed the atom-light interaction strength
by measuring the extinction of probing light by a single®’Rb atom. The
measured extinction sets a lower bound to the percentage ajht scattered



by the single atom (scattering probability). A maximal extinction of 10.4%
has been observed for the strongest focusing achievablehnour lens system.
Our experiment thus conclusively shows that strong interdion between a
single atom and light focused by a lens is achievable.

We also performed a theoretical study of the scattering pratbility by
computing the eld at the focus of an ideal lens, and therebylgaining the
power scattered by a two-level system localized at the focu®ur calculations
were based on a paper by van Enk and Kimble [1] except that weapped two
approximations used in their original model, making the mo&l applicable to
strongly focused light. The predictions of our model agreeeasonably well
with our experimental results. In contrary to the conclusia of the original
paper, our results show that very high interaction strengthcan be achieved
by focusing light onto a two-level system with a lens.

vii



Chapter 1
Introduction

The past two decades have witnessed the emergence of the quaminfor-

mation science (QIS), which is a synthesis of quantum physicinformation

theory, and computer science. It was recognized very earlinse the estab-
lishment of quantum theory about 80 years ago that informatin encoded
in quantum systems has weird and counterintuitive properéis. However,
the systematic study of quantum information has only becommore active
recently due to a deeper understanding of classical infortian, coding, cryp-
tography, and computational complexity acquired in the pasfew decades,
and the development of sophisticated new laboratory techoues for manip-
ulating and monitoring the behavior of single quanta in atone, electronic,
and nuclear systems [2, 3].

While today's digital computer processes classical infoation encoded in
bits, a quantum computer processes information encoded imantum bits,
or qubits A qubit is a quantum system that can exist in a coherent super
position of two distinguishable states. The two distinguisable states might
be, for example, internal electronic states of an individdatom, polarization
states of a single photon, or spin states of an atomic nucle{®]. Another
special property of quantum information isentanglement Entanglement is
a quantum correlation having no classical equivalent, andao be roughly
described by saying that two systems are entangled when thgoint state
is more de nite and less random than the state of either syste by itself



[2, 3, 4, 5]. These special properties of quantum informaticbestow upon
a quantum computer abilities to perform tasks that would be ery di cult
or impossible in a classical world. For examples, Peter Shi@] discovered
that a quantum computer can factor an integer exponentiallyfaster than a
classical computer. Shor's algorithm is important becausebreaks a widely
used public-key cryptography scheme known as RSA, whoselsdy is based
on the assumption that factoring large numbers is computatnally infeasi-
ble. Another potential capability of a quantum computer is b simulate the
evolution of quantum many-body systems and quantum eld theries that
cannot be performed on classical computers without makingnjusti ed ap-
proximations.

Currently, a number of quantum systems are being investigatl as po-
tential candidates for quantum computing. They include trgped ions [7, 8],
neutral atoms [9], photons [10, 11], cavity quantum electdynamics (CQED)
[12], superconducting qubits [13], color centers in diamadr14], semiconduc-
tor nanocrystals [15, 16], etc. Analogous to classical imfoation processing,
any quantum system used for quantum information processimgust allow ef-
cient state initialization, manipulation and measuremer with high delity,
and e cient operation by a quantum gate [17]. Some of the abavlisted can-
didates have already ful lled these requirements, but non&éave overcome
the obstacle of scalability for constructing a useful quanin computer.

One of the proposals to scale up a quantum information proesg system
is by constructing a quantum network, in which each qubit staes informa-
tion and is manipulated locally at a node on the network, and wantum
information is transfered from one node to another at a dista location
[18, 19, 20]. However, transferring quantum information wh high delity
is a non-trivial task. Unlike classical information, quanim information can-
not be read and copied without being disturbed. This propeytis called the
non-cloning theorem of quantum information, which followdrom the fact
that all quantum operations must be unitary linear transfomations on the
state [21]. Therefore, one cannot measure a qubit, and trdesthe measured
information classically to another qubit. Instead, the transfer of quantum in-
formation requires (i) interaction between the informatim-sending quantum



system with an auxiliary quantum system (messenger), (ii)ransportation
of the messenger to the information-receiving quantum sysn, and (iii) in-
teraction between the messenger with the receiver. Furth@ore, to ensure
e cient information transfer, every step in the information transfer process
must be carried out with high delity and low loss.

For quantum information transfer, photons are usually adojed as the
messenger due to its robustness in preserving quantum infaation over long
distances [18, 19, 20]. The requirement of lossless infotioa transfer implies
that a messenger photon must be absorbed by the receiver walprobability
close to unity. A common approach to enhance the absorptiongbability of
a photon by a quantum system is by placing the quantum systenmia high
nesse cavity [22, 23, 24, 25].

Here, instead of a cavity, we employ a di erent approach. Wetgempt
to answer the question whether high absorption probabilitys achievable by
focusing a photon onto a quantum system with a lens. The reaséor asking
such a question is twofold. First, it is not always possibleot place a high
nesse cavity around a quantum system. In the few cases whetés possible,
ensuring that every cavity on the network is locked to the samfrequency
can be resource demanding. A lens system, on the other hand, much
simpler to setup. Second, it is of fundamental interests tond the maximum
achievable absorption probability by focusing light onto asingle quantum
system, especially since there are opposing opinions in t@nmunity on the
feasibility of such a scheme.

As a rst step toward the answer, we started by studying the aborp-
tion probability of weak coherentlight by single quantum systems instead
of preparing real single photon pulses. Our rst attempt wasarried out on
colloidal semiconductor quantum dots at room temperature We observed
that these quantum dots have very small absorption cross $emns compared
to an atom, and they are photo-chemically unstable. For thesreasons, we
switched our focus to a cleaner quantum system §Rb atoms. With this
system, we showed experimentally that strong atom-light teraction can be
achieved by simply focusing light to an atom.

The layout of this dissertation is organized in the followig manner.



Chapter 2 reports our investigation on individual colloida semiconductor
nanocrystals (CdSe, CdTe, etc) at room temperature. Chapt& gives a the-
oretical overview of the interaction strength between a farsed coherent light
eld and a two-level system in free space. Chapter 4 preserds experiment
in which we measured the extinction of a light beam due to a gjie trapped
8’Rb atom. In this experiment, we optically pump the®’Rb atom into a two-

level cycling transition and measured an extinction of moréhan 10%. In

fact, such a high extinction violates the predictions by S..Jvan Enk and H.

J. Kimble [1], who suggested that absorption of light by a sgle atom in free
space would not be e cient. We later realized that approximéions made in
their original work greatly underestimated the potential & such a coupling
scheme. An extension of their model was subsequently perfeed (Chap-
ter 3). Our new model explains our experimental results reasably well and
suggests the possibility of achieving much higher interaon strength than

what we currently observe. The results of this study are puished in [26, 27].



Chapter 2

Investigation of single colloidal
semiconductor guantum dots

A number of quantum systems have been identi ed as potentialandidates
for future quantum information processing. They include ins [7, 8], cavity
quantum electrodynamic systems [12], nuclear magnetic eance® [28],
photons [10, 11], superconducting quantum bits [29], semiductor QDs
[16], etc. Among these, the solid state system has the advage of allowing
one to tap into the resource and technology of the solid-statfabrication
industry. It has been speculated that a scalable, and econamally feasible
quantum computing device will be created with a solid-stateystem. Despite
the fact that one has less control over semiconductor QDs cpared other
guantum systems due to its stronger coupling to the environemt and more
complicated energy structure, many groups are pursuing srch on QDs in
the hope of taming these dots for use in quantum computation.

This chapter documents our e orts to characterize single dloidal semi-
conductor quantum dots (QDs) (CdSe/ZnS, CdTe/ZnS) at roomémperature
for the purpose of quantum information processing. The maiaim is to mea-
sure the absorption cross section of a single QD at room tenmptire so as to
quantify the interaction strength between light and a singé QD. We set up

1Braunstein et al. showed that there was no quantum entanglerant in any bulk NMR
experiment, implying that the NMR device is at best a classi@l simulator of a quantum
computer.



a confocal microscope to observe the uorescence from segblloidal QDs
embedded in a transparent matrix. We observed clear photamtibunching
e ect in the uorescence, showing that a single QD can be usess a single
photon source. However, the dense energy levels of collbi@s and their
strong coupling to phonons lead to a very short quantum-stat coherence
time of picoseconds. Our measurements show that the absagpt cross sec-
tions of these dots are a million times smaller than that of ample two-level
system exposed to a weak resonant eld. The uorescence quling e ects
and the chemical instability of colloidal QDs under photoesitation will also
be discussed.

2.1 Introduction to colloidal QDs

A semiconductor nanocrystal is a nanoscale crystalline ganle that is charac-
terized by the same crystal lattice structure as the corregmding bulk semi-
conductor. Due to the small size of the system, the charge cars within
a nanocrystal experience strong quantum con nement e ectiesulting in a
discrete energy structure similar to that of an atom. Therefre, such a sys-
tem is also called a quantum dot. One way of growing semiconttar QDs
is by using molecular beam epitaxy where the QDs are embeddi&da bulk
semiconductor. Another way uses wet chemical synthesis [31, 32, 33, 34],
resulting in colloidal QDs soluble in various solvents. Oustudy focuses on
the commercially available colloidal heterostructure QDs

Figure 2.1(i) shows the typical structure of a colloidal hedrostructure
semiconductor QD. Such QDs are made up of a core nanocrystahigh is
passivated by a shell of a di erent semiconductor, and a caag of organic
molecules that enables the QDs to dissolve in the solvent. &ttore typically
consists of 100 to 10,000 atoms. It is generally made up of anseonductor
with a direct band gap in order to enhance the quantum yield of the dots.
Among the large varieties of semiconductors, only a few seranductors like

2The quantum yield of a QD is de ned as the probability that the decay of an exciton
in the QD is carried out by emission of a photon.
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Figure 2.1: (i) A typical heterostructure colloidal quantu m dot in a solvent.
(i) and (iii): Plots of the bottom of the conduction band (cb ) and the top of
the valence band (vb) versus the cross-section of the type liij and type Il (iii)
heterostructure QDs.

CdSe, CdTe, InP, GaAs, etc., have band-gap transitions in thnear infrared
to visible regime where e cient detectors, light sources ashoptics are readily
available (see Appendix A.9 for the band gaps of various sesanductors).

As QDs have a very large surface-to-volume ratio, their omtal and struc-
tural properties are strongly in uenced by the properties btheir surface.
Passivating the core nanocrystal with a few monolayers of @asond semicon-
ductor can greatly enhance the quantum yield and the chemitcatability of
the QD [31, 32, 35, 36, 37]. To maintain the chemical stabilitof colloidal
QDs and ensure that they do not aggregate or disintegrate irhé solvent,
certain organic ligands are dissolved in copious amount iie solvent. The
functions of such ligands are twofold. One end the ligands gsivates the
tangling bonds of the shell, making the shell more stable. Ehother end of
the ligands has functional groups that are attractive to thesolvent, enabling
the QDs to be soluble. These organic ligands can also in uenthe optical
properties of the QDs signi cantly, signaling the strong copling of quantum
dots to its environment.

Heterostructure QDs are classi ed into two types. Figure A4(ii)/(iii)
shows the spatial variations of the bottom of the conductiorband and the



top of the valence band in a type-l/type-1l heterostructure QD. In type-I
heterostructure QD, both the excited electrons and holes aicon ned within
the core rather than in the shell, thereby leading to strongeexchange in-
teraction * between the two charges compared to the type-ll QDs. For the
particular type-1l band structure shown in Fig. 2.1(iii), the excited electrons
would be con ned within the core but the holes would be con né within
the shell. The spatial separation of electron and hole, wtids a fundamen-
tal feature of type-Il QDs, leads to longer radiative lifetines, lower exciton
binding energy and unusual dynamic and recombination propées of charge
carriers as compared to type-l QDs [38, 39, 40]. Thereforg,pe-l QDs are
expected to be more suitable for quantum information procs#sg where ef-
cient interaction between light and the quantum system is esential.

The colloidal QDs we have investigated include toluene sdlle (core/shell)
CdSe/zZnS , CdTe/ZnS QDs capped by trioctylphosphine oxideTl{OPO), and
water soluble CdTe QD capped by glutathione [41]. These colloidal dots
can be fabricated with very high quality. They are almost spérical, and
have a wurtzite (hexagonal) lattice structure. Their diaméers can be varied
from 12 to 110A with very narrow diameter distribution (< 5% rms) within
each sample [30].

2.2 Energy structure of CdSe QDs

Much experimental and theoretical e ort has been spent in ta past few
decades to understand the energy structure of various sewmcluctor QDs.
CdSe is one of the most well understood semiconductor nangstals because
these dots can be fabricated in various sizes with high quali[30]. This
section summarizes the main electronic and optical propées of the CdSe
QDs. The models presented here represent the results of agernumber

3The exchange interaction between two quantum objects is prportional to the overlap
of the their wavefunctions.

4The core/shell QDs were obtained from Evident Technologiesinc. The glutathione-
capped CdTe QDs were kindly provided by Dr. Yuangang Zheng fom the Institute of
Bioengineering and Nanotechnology, Singapore.



of experimental and theoretical studies performed over thpast 30 years.
Therefore, it is not possible to go into detailed descriptits of experimental
evidences for every property stated herein. Two excelleneviews on the
energy structure of CdSe QDs are provided by Norris et al. [#and Klimov
[43].

2.2.1 Electron-hole pair in an in nitely-deep ‘crystal’
potential well

In a bulk semiconductor, absorption of a photon promotes areztron to the
conductor band and leaves a hole in the valence band. The étea and the
hole form an exciton which is a hydrogen-like system with a Bo radius aeyc
(aexc = 5:6 nm for CdSe). If the mean nanocrystal radius is greater than
3acxe, ONE is in the weak-con nement regime [44]: the con nementirketic
energy is smaller than the Coulomb interaction energy betwa the electron
and the hole, and the Wannier exciton is con ned as a whole. Vém a is
a few times smaller thanae,, One is in the strong-con nement regime, in
which both carriers are independently con ned [45].

One of the simplest Hamiltonians modeling an exciton in a sphical
nanocrystal, within the e ective mass theory and in the absece of band
mixing e ect [44], is given by [45, 46, 47]

2 2
H = zf;e + zf:lh ; j;’z V() + V() 2.1)
Here the rst two terms describe the kinetic energies of thelectron and
the hole respectively, wheren,(my,) represents the e ective mass of the elec-
tron(hole) [48]; the third term describes the Coulomb intesction between
the electron and the hole, where the is the dielectric constant of the semi-
conductor; and the last two terms describe a spherical in té potential well

of radius a: 8

< . .
0 ifregnm @

Vitew)=. (2.2)
: if regny > a:

If one ignores the Coulomb interaction in the strong con nernt regime,
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then the electron and hole become two independent particle®n ned in a
spherical in nite potential well (the Coulomb interaction can be considered as
a perturbation later). Their energy eigen-wavefunctionsra given by [49, 50]

h ..
s )

fn;l;m (f') ue(h)(“c)
[Ang Ji(kna )Y, (5 )] Ueqny (F); (2.3)

where f..m (¥) is the envelope function,uen)(¥) the cell periodic function
of the conduction(valence) bancP [48, 50],A,, the normalization constant,
Y,"(; )the spherical harmonicsj,(kn,r) the Ith order spherical Bessel func-
tion, and

Kn = %‘ (2.4)

with , the nth zero ofj,. The eigen-energies of the electron are given by

E 2 2|
e = 3+ s 2.5
nT 2 2mea?’ (2:5)
and those of the hole are given by
E 2 2.
Eh = =8 n 2.6
i 2 2mpa? =9

with E4 being the band gap of the bulk semiconductor. Due to the symrmg
of the system, the eigenfunctions of the electron(hole) atebelled by quan-
tum numbersn(d, 2, 3...),I(s, p, d...), and m, similar to that describing the
atomic electronic con gurations. Here only the transitiors that conserven
and | are dipole-allowed, with an oscillator strength proportioal to (21 +1).
Figure 2.2 shows a few lowest energy levels obtained usingsteimpli ed
model. The model captures the essential facts that the exoit energy in a
QD is quantized, and that the transition band gap of a QD incrases when

5The wavefunction of a particle in a periodic potential satises the form (B =

U, (¥) exp(ik ¥) (Bloch's theorem), whereu, , () is the cell periodic function, and n the
energy-band index. ug)(¥) is the cell periodic function of the conduction(valence) and

at R = 0. Here it is assumed that the cell period function has a weakk dependence near
the bottom(top) of the conduction(valence) band.

10
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Figure 2.2. Transformation from the continuous conductionand valence bands of
the bulk semiconductor to the discrete energy structure in aQD. Using Eqgns. 2.5
and 2.6, the band gap of the nanocrystal is related to the bandgap of the bulk

semiconductor by EJ© = Eq+ ?~?=2m.a, wherem, = (mg1+ m, 1) L.

the radius of the QD gets smaller. However, the model overesates the
band gap for smaller nanocrystals [30] and is not able to fullexplain the
absorption spectra of these dots [51].

There are two major assumptions that go into this model:

1. The wavefunction of the electron(hole) can be expressesd alinear su-
perposition of the conduction(valence)-band Bloch funadhs [48], and
it satis es the boundary condition imposed by the in nite paential
well. This results in the electron(hole) wavefunction beig nally ex-
pressed as the product of an envelope functidn..m (¥), and the cell
periodic function ugy, which is sometimes called the envelope approx-
imation [52]. This assumption should work when the diameteof the
dot is much larger than the lattice constant of the material.

2. Only the lowest(highest) conduction(valence) band nea = 0 con-
tributes to the lowest(highest) energy levels of the eleain(hole) in the
QDs. It is further assumed that these bands are twofold degerate
(including spin) and isotropic. As it turns out, these assumtions are
not suitable for describing the CdSe crystal. The conductioband of

11



E(K) E(k)

k ; k
hh A hh Det A
J=3/2 J=3/0
Ih B =
D ~ Ih D ~ B

/'\C Sol/'\c

J=1/2 J=1/2

(i) diamond-like CdSe (ii) wurtzite CdSe

Figure 2.3: Simpli ed illustration of the valence band structure for (i) diamond-
like CdSe and (ii) wurtzite CdSe neark = 0. Details of the structure are explained
in the text.

CdSe arises from the Cd 5S orbitals and is twofold degeneratiek = 0.
The valence band, on the other hand, arises from the Se 4p aticnor-
bitals and has an inherent sixfold degeneracy & = 0. Due to strong
spin-orbit coupling (), this degeneracy is split into a fourfold degener-
ate J = 3=2 band and a twofold degeneratd = 1=2 split-o (so) band
in a diamond-like CdSe, wherel denotes the total unit cell angular
momentum. Away fromk = 0 the J = 3=2 band splits further into
the J,, = 3=2 heavy-hole (hh) andJ,, = 1=2 light-hole (lh) bands,
both doubly-degenerate (Fig. 2.3(i)). For a wurtzite CdSernystal, the
degeneracy of the Ih and hh band &t = 0 is further lifted by the crys-
tal eld (Fig. 2.3(ii)). Since the spin-orbit splitting ( = 0:42 eV) and
the crystal- eld splitting (¢ = 25 meV) are small compared to the
band gap of the CdSey = 1:84 eV at 10 K), all of the three valence
bands (hh, |h, and so) must be included in the modeling Hamdnian
in order to explain the absorption spectra of the CdSe dots4449].

12



2.2.2 Con nement-induced band-mixing

A more accurate model that describes the absorption spectd CdSe QDs
has two main improvements over the previous model:

1. The Hamiltonian modeling the electron still takes the sam form as
in Eqn. 2.1, but adopts a more realistic spherical nite potatial well
[44, 50, 51]. Such an improvement is necessary because thectve
mass of the electron is much smaller than that of the holes. Ag@ting
an in nite potential well for the electron overestimates tke transition
band gap for QDs with smaller diameters [53].

2. The hole is modeled using the “spherical' Luttinger's Haittonian ©
together with an in nite potential well [44, 49]. The wave functions of
the hole is assumed to have the following form:

%2 =2
h = fa-o (FUs, + f12 (F)U1=: ; (2.7)
= 3=2 = 1=2

where uz,. and u;—,. are the periodic cell functions of the fourfold
degenerate (hh, Ih) and twofold degenerate (so) valence lE and
fa. andf,, are their corresponding envelope functions The hole
states are now characterized by the total angular momentu = J+LC,

where J is the angular momentum of the periodic cell function, and

is the orbital angular momentum of the hole envelope functio

The band mixing e ect leads to a more complex energy structerof the
hole states and a di erent set of transition selection rule$44] (Fig. 2.4).
The new model is able to explain the absorption spectra of thedSe QDs

8For bulk diamond-like semiconductor, the 6-fold degenerag¢ valence band is described
by the Luttinger Hamiltonian [54, 55]. This expression, a 6 ky 6 matrix, is derived within
the context of degeneratek p perturbation theory [56]. The Hamiltonian is commonly
simpli ed further using the spherical approximation, in wh ich the terms that have strict
cubic symmetry are neglected, saving the term that is sphedally symmetric [57, 58].

"As CdSe is wurtzite, use of the Luttinger Hamiltonian for CdSe QDs is an approxi-
mation. It does not include the crystal eld splitting that i s present in wurtzite CdSe.
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Figure 2.4: Mixing between di erent valence subbands due tothe quantum con-
nement e ect leads to more complex energy structure of the tole states compared
to those shown in Fig. 2.2. Arrows indicate dipole-allowed mterband transitions.

quantitatively when the electron-hole Coulomb interactio is included as a
rst order energy correction [44, 51]. The success of the meld i.e. the
fact that the quantum state of the charges depends stronglynothe band
structure of the bulk material, suggests that a nanocrystainherits much
of its properties from the bulk. Although such a result may nbbe too
surprising, it can be undesirable if one would like to use du@ system for
quantum information processing. This point will become clrer when we
further discuss the properties of these dots.

2.2.3 Emission properties of CdSe QDs

The absorption spectrum and the emission spectrum of a CdS®Qre di er-
ent. The absorption spectrum shows a number of absorption @les that can
be explained well by the model discussed in Section 2.2.2. efémission spec-
trum, on the other hand, shows none of the absorption featusgindependent
of the excitation light frequency. It only shows an emissiopeak red shifted
from the band edge absorption, together with the bulk longudinal-optical
(LO) phonon replicas of this peak (Fig. 2.5). Such di erenceare due to the
rapid (< 1 ps) decay of the exciton into the photo-emitting states eveat
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Figure 2.5: Simpli ed illustration of the emission spectrum of a CdSe QD at liquid
He temperatures. The main emission peak is always red shiftefrom the lowest
energy absorption peak. The highest-energy emission peak separated from other
lower-energy emission peaks by integer numbers of the bulk@ phonon's energy
(25.4 meV). The LO replicas of the absorption peaks are not sbwn for simplicity.

i =

liquid He temperatures [59, 60].

The rapid relaxation of a high energy hole to the $;-, ground state is
facilitated by acoustic phonons. This is possible becausé the small en-
ergy separation among the hole levels. On the other hand, tiseparation of
the lower electron levels are much larger than the energy dig LO phonon,
therefore rapid relaxation of a higher lying electron is ungpected. Efros et
al. [61] proposed that a higher energy electron can jump to ¢hlS ground
state by transferring its energy to the hole using the Coulominteraction
between the charges, a process termed electron-hole Augellision. An-
other relaxation route is through the coupling of an excitectlectron to the
nanocrystal's surface states that act as an e cient heat bdt. Both explana-
tions were supported by a number of experiments [62, 63, 64].

The origin of the red-shifted emission is more controversiaecause the
luminescence properties of nanocrystals are highly depemti on the sample
preparation methods. Some nanocrystals can exhibit a verydad (up to
few hundred meV) and strongly red-shifted emission spectnu[65, 66]. The
emission states are generally thought to be related to the gace/interface-
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related states of the nanocrystals [65, 66]. High quality Gk nanocrys-
tals, on the other hand, emit with high quantum yield (0.1 to 09 at 10 K)
near the band edge with a line width of less than a few meV at liid He
temperatures [30, 67, 68] (Fig. 2.5). The fact that the emigm peak is
accompanied by strong LO phonon replicas suggests that ratlve relax-
ation is dipole-forbidden. Furthermore, the radiative lietime of CdSe dots is
strongly temperature dependent, changing from hundreds ofnoseconds to
approximately 1 s at liquid He temperatures, to 20 ns at room temperature
[69, 70, 71]. The emission properties of the high quality CdShanocrystals
can be explained by the dark/bright-exciton model [69, 72)which accounts
for the splitting of the band-edge exciton produced by the eobined e ect of
the electron-hole exchange interaction and anisotropiessociated with the
crystal eld and non-spherical shape of the nanocrystals.

In the spherical model (Section 2.2.2), the band edge exait¢1S(e)1S;-,(h))
is 8-fold degenerate. The degeneracy is broken by the electthole exchange
interaction. As the exchange interaction is proportional ¢ the overlap be-
tween the electron and hole wave functions, it is greatly eaimced, up to tens
of meV, in QDs compared with bulk materials. In the presencef the strong
exchange interaction, the electron and hole cannot be codered indepen-
dently and are described by the total angular momentum quaotm number
N. The 8-fold degenerate band edge exciton is split into a high energy
3-fold degenerate, optically activeN = 1 bright exciton, and a lower energy
5-fold degenerate, optically passiveN = 2 dark exciton (Fig. 2.6). These
states are further split into ve sublevels because of the @otropy of the
wurtzite lattice and the nonspherical nanocrystal shape (€@Se nanocrystals
are usually slightly prolate [30]), forming two manifolds bupper (U) and
lower (L) substates, which are labeled according the projgon of the total
exciton angular momentum N along the unique crystal axid\,, (Fig. 2.6).
The lowest-energy state is labelledN,, = 2 and is optically passive. It is
separated from the next higher energy bright stateN,, = 1) by 1 meV
to more than 10 meV, depending on the size of the nanocryst@ld]. The
energy separation, typically referred to as the resonant &es shift, can be
measured experimentally [73, 74].

16



Nm= OU

—_ U
Nn=21 right)

1S(e)1S,,(h)
- Nm= OL
N=2 — 41t
Nm=1 (bright)
Nm= :|:2
electron-hole —
exchange
crystal field
and shape
asymmetry

Figure 2.6: Schematic diagram of splitting of band-edge ($(€)1S5-,(h)) exci-
ton in CdSe nanocrystals induced by the electron-hole exchage interaction and
anisotropies associated with the crystal eld in the hexagmal lattice and nanocrys-
tal shape asymmetry.

The thermal redistribution of excitons between theN,, = 1 (bright) and
N, =2 (dark) states is the major factor that leads to the strong @pendence
of the recombination dynamics in CdSe dots on sample tempéunee. At
low temperatures, only theN,, = 2 dark state is populated. Therefore the
recombination is slow and is typically assisted by the LO phwns. As the
temperature increases, the excitons are thermally excitddom the dark to
the N, = 1" bright state, which produces faster recombination. At su -
ciently high temperature, the population of the exciton is qually distributed
between the bright and the dark states, resulting in a decayfétime twice
the bright-exciton lifetime ( 20 ns for CdSe nanocrystals).

To summarize, the rapid relaxation of an exciton to theN,, = 2 ground
state sets an upper limit to the exciton's coherent time of 1 $in CdSe
nanocrystals. Such a short coherent time is undesirable ihe is to use the
exciton states for the purpose of quantum information prossing. In fact,
short coherent times pose a problem common to all solid staggiantum sys-
tems even though they might have a di erent electronic struire from that
of colloidal CdSe nanocrystals. It would be one of the main stacles to over-
come before such system can be used for quantum informatioropessing.
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2.2.4 Multiple excitons and Auger relaxation

So far, we have discussed the electronic and optical propeg of CdSe
nanocrystals under the assumption of a single exciton. This rather in-
complete because many optical properties of these dots anefact caused by
the excitation of multiple excitons.

When there is more than one exciton in a CdSe nanocrystal, tliecay of
the excitons are dominated by the nonradiative Auger recomtmation [75, 76].
Auger recombination is a process in which the electron-hotecombination
energy is not emitted as a photon but is instead transfered t@ third particle
(an electron or a hole) that is re-excited to a higher-energstate. The Auger
recombination lifetime is shorter than 1 ns in CdSe nanocrias. It gets
shorter when there are more excitons in the nanocrystals [75During the
multi-exciton Auger recombination process, an energy-rewing electron or
hole may be ejected out of the CdSe interior, leaving the QD ian ionized
state. When this happens, the QD gets into the \dark" state ad it no
longer uoresces. This is because subsequent electronehphir excitations
of the ionized QD will relax nonradiatively due to e cient three-body Auger
recombination [77]. The QDs only returns to the \bright" state when it is
neutralized again. Therefore, the uorescence signal of ingle CdSe QD
exhibits a blinking e ect under light excitation.

2.3 Experiments on bulk colloidal QDs

This section discusses two experiments we performed on baliloidal QDs
in solution. One experiment measures the spontaneous decayes of these
dots. Another measures the emission spectra and absorptioross sections
of these dots.

2.3.1 Spontaneous decay rates of colloidal QDs

Figure 2.7 shows the schematic setup used for measuring thgostaneous
decay rate of colloidal QDs in solution. The main idea of thexperiment
is to excite the QDs with a short (femtosecond) pulse, and tobgerve the
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Figure 2.7: Schematic setup for measuring the spontaneouseday rate of QDs in
water/toluene. AOM: acousto-optic modulator, BBO: Beta Ba rium Borate crystal
for second harmonic generation.

decay of the QD's uorescence intensity after the pulse exation. We use
a Ti-sapphire laser that generates light pulses with a widtrof 120 fs and
a center wavelength of 780 nm. Since the original pulse seaion (13 ns)
is smaller than the spontaneous decay time of the QD% (20 ns), we use
an acousto-optic modulator (AOM) to pick a pulse out of everyM pulses
to ensure that the QDs to relax back to their ground states befe being
excited again by the consecutive pulse. After passing the AQ the pulses
are focused into a BBO (Beta Barium Borate) crystal, where pé& of the
780 nm light is up-converted to 390 nm light. This up-conversion process
is necessary because the QDs we used absorb 390 nm but not #80ight °.
The 390 nm light is then separated from the 780 nm light with a fism, and
is focused into a QD solution in a fused-silica cuvette. Theuorescence from
the QDs is detected with a fast Si-photodiodé®, whose signal is recorded by

8Note that the sequence of AOM to BBO (instead of BBO to AOM) giv es a better on/o
ratio for the picked pulses due to the nonlinearity of the frequency doubling process.

9CdSe QDs have a band gap larger than 1.73 eV (Appendix A.9).
OHamamatsu S5973 (cut-o frequency 1 GHz).
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Figure 2.8: Fluorescence intensity of InGaP/ZnS QDs expos#to femtosecond ex-
citation pulses (emission wavelength: 650 nm). The decay aue of the uorescence
is ttedto Aexp( t= )where =735 0:3ns.

Table 2.1: Excitation lifetimes of various colloidal QDs.

QD Type | Emission wavelength| Solvent | Lifetime (ns)
CdSe/ZnS 560 nm toluene| 231 03
CdSe/ZnS 580 nm toluene| 237 0:2
CdSe/ZnS 615 nm toluene 19 1
InGaP/ZnS 650 nm water 735 03

an oscilloscope with a 2 GHz bandwidth.

Figure 2.8 shows the uorescence decay of InGaP/ZnS QDs aftpulse
excitations. The excitation lifetime of the QD is obtained fom the t of
the QD uorescence decay curve to an exponential function thi a single
exponent. Table 2.1 shows the excitation lifetimes of vans QDs we have
measured.
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2.3.2 Absorption cross sections of CdSe QDs

Figure 2.9 shows typical absorption and emission spectra 68Se/ZnS QDs
in toluene at room temperature. The absorption spectrum (nre precisely,
absorptivity A =1log(1=T)) is measured with a PerkinElmer spectrophotome-
ter. The transmissionT is related to the absorption cross section of a single
QD by the Beer-Lambert law:

T=e N;: (2.8)

whereN is the number density of the QDs in the solution, andl the thickness
of the sample. Therefore, we can convert the absorptivity ia the absorption
cross section of a QD, using the QD concentrations given bydimanufac-
turer. The absorption cross sections so obtained are coreig with the

estimations based on our observations on single QDs (Sent@.4.4). On the
other hand, the emission spectrum of the QDs is measured ugia home-built
spectrometer. The QDs in toluene/water are excited by 405 nmadiation

from a diode laser during the measurement.

Both the absorption and emission spectra in Fig. 2.9 are gridabroad-
ened by the size inhomogeneity of the QDs, and by acoustic an® phonons?!,
The absorption spectrum reveals a band edge absorptionS{e) 1Ss-,(h)
transition) at 586 nm, and a few other lowest energy transitins. However,
the origin of the background continuum in the absorption sp#rum cannot be
explained by the simple exciton in a box model (Section 2.3.2 eatherdale
et al. demonstrated that the absorption continuum may instad be modeled
using o -resonant light scattering by small particles [7879]. The absorption
cross section of a CdSe QD, dominated by the small-particleattering cross
section, is on the order of the physical cross section of thamocrystals. For
example, at the excitation wavelength of 405 nm, the absoripih cross sec-
tions of single CdSe QDs are less than 1 @rfor various QD sizes. This value
is about a million times smaller than . =3 2=2 , the resonant scattering
cross section of a two-level system exposed to a plane wave.

1 The LO phonons have a single phonon energy of 25.4 meV (6.13 T
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Figure 2.9: Absorption and emission spectra of CdSe/ZnS QD toluene (QDs'
emission wavelength: 605 nm). The uorescence spectrum s a single strong
emission peak, and a broad but weak emission tail at longer welengths. The
broad emission tail could be due to surface state-related @mbination [65, 66].

At liquid He temperatures, the absorption cross section of aolloidal
CdSe QD is expected to be much higher. However, it would stitle a few
orders of magnitude smaller than .« due to the spectral di usion of the
QDs. Empedocles and Bawendi [67, 68] observed that the enossspectrum
of a single CdSe QD di uses spontaneously over a few meVsl( THz) within
a time scale of seconds to minutes. Such an e ect could be cadsby the
Stark shift resulting from the variation of local electric elds, possibly due to
QD photoionization and trapping of charges in the surroundig matrix [67,
80]. The variation of local electric elds is expected to a et the absorption
spectrum in the same manner as it does to the emission spectru One
would thus expect the absorption spectral width of a singleotioidal QD
to be broadened by approximately 1 THz, resulting in a greatl reduced
absorption cross section even at liquid He temperatures.
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2.4 Experiments on single colloidal QDs

2.4.1 Confocal microscope setup

We set up a confocal microscope to observe individual QDs. &main part
of the setup consists of a Nikon Plan Fluorite microscope ditive (MO)

of 0.9 NA (Fig. 2.10(i)). The MO focuses a 405 nm light beam, #t is

delivered through a single mode ber from a laser diode, ontsingle QDs.
Red-shifted uorescence from the dot is collected by the sarMO. It passes
through a longpass lIter used to remove the 405 nm excitatiolght re ected

by the MO, and is coupled into a single mode ber. Either a Siaalanche
photodiode D1 or a Hanbury-Brown-Twiss setup (Fig. 2.10(j is connected
to the output end of the single mode ber. The Hanbury-BrownTwiss setup
is used for measuring the second order correlation functigff’ ( ) of the QD

uorescence. A5 nm bandpass Iter centered at the QD emissiavavelength
is placed between the two Si-avalanche photodiode detecdpD?2 and D3, to
prevent optical cross-talk between the two detector¥.

The nanocrystals under study are embedded in a transparenlymer
sandwiched between a fused silica cover slip and a glasseslidhe sample
is placed on a 3D-nanopositioning unit® that has nanometer resolution and
a translational range of 80 m in three orthogonal directions. The nanopo-
sitioning unit is itself mounted to a 3D-mechanical transléonal stage to
facilitate larger sample movement.

The setup has an estimated uorescence detection e ciencyf@.6% if the
output of the uorescence collection ber is directly conneted to a Si-APD.
The detection e ciency is obtained by considering the colletion e ciency
of the MO (" 10%), re ection losses due to optical elements (15%), coun
e ciency into the single mode ber (76%), and the quantum e ciency of the
Si-avalanche photodiode’( 40%). If the output of the uorescence collection

2An avalanche photodiode used for single photon detection inGeiger mode emits a
non-negligible amount of light [81]. The emitted light can be detected by another detector
in the Hanbury-Brown-Twiss setup, resulting in artefacts in the measuredg® ( ) function.

B3Tritor 103 CAP, Piezosystem Jena GmbH.
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Figure 2.10: (i) The confocal-microscope setup for obsermg single colloidal

quantum dots. (ii) A Hanbury-Brown-Twiss setup for measuring the g function
of the uorescence from the quantum dots. BS: 50/50 beam sptter, D1, D2, D3:
Si-avalanche photodiodes.

ber is connected to the Hanbury-Brown-Twiss setup (Fig. 2.0(ii)), the
uorescence detection e ciency is about 0.8% per detector.

Alignment of the confocal microscope

The two single mode bers used in the confocal microscope fution as spa-
tial mode selectors. They reduce the targeted excitation @n uorescence
collection volumes, thus leading to high spatial resolutioof the setup. Since
the polymer in the sample uoresces under UV excitation ligh using single
mode bers also reduces the background noise contributiorm tthe uores-

cence detection. However, the small focal volumes of the gaton and

the uorescence target modes also make overlapping the fbgalumes more
challenging.
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To align the confocal microscope, 590 nm light is sent into the confocal
setup through the uorescence collection ber to model the ppagation of
the uorescence beam. This beam is collimated and has a Gaiasswaist of
' 2 mm before entering the MO (slightly over lling the aperture of the MO).
The excitation light is collimated with a smaller Gaussian wist of 1.4 mm
to avoid scattering by the MO. The excitation beam joins the uorescence
beam at the dichroic mirror. The two beams are then made coaatiwithin
0.2 mm over a distance of 4 meters before the MO is installed. it such
pre-alignment, the two foci after the MO should overlap witin 0:2 m °
in the direction transverse to the propagation axis. In thedngitudinal di-
rection, however, the two foci could be separated up to 1%n because the
chromatic abberation of the MO€. The uorescence beam is then removed
and a Si-avalanche photodiode is connected to the uoresaan collection
ber instead. Ideally, at this stage, one can e ectively ovdap two foci trans-
versely and longitudinally by maximizing the detected uoescence from a
single stable light emitter. Unfortunately, CdSe QDs do notuoresces sta-
blely (Section 2.4.5), and thus cannot be used for such aligrent. One stable
point-like emitter is the nitrogen-vacancy (NV) centers indiamonds. How-
ever, as the emission wavelength of diamond-NV centers isedent from
that of the CdSe QDs, using diamond-NV centers for overlappg the foci is
not ideal due to chromatic abberation of the MO.

To overcome this problem, we cut a circular 100 nm-diametehtough
hole using ion beam milling in a 1 m thick gold Im coated on a fused
silica cover slip. We then illuminated the hole with 405 nm ash 590 nm
light to mimic a point source (Fig. 2.11(left)). Here, both he excitation and
uorescence-path-simulating light sources connected thi¢ single mode bers

14The wavelengths of the CdSe QD's uorescence range from 50®t620 nm, depending
on the dot's diameter. Depending on the QD under studies, 632wm light may also be
used to model the propagation of the uorescence.

15Nikon adopts a tube-lens focal length of 200 mm. A magni caton of 100 thus
translates into an e ective MO focal length of 2 mm. The transverse overlap of the foci is
estimated to be =2  %2MMm > mm=0:2 m.

16The foci separation of 15 m in the longitudinal direction is observed by using the
100 nm-hole alignment method that would be mentioned shorty.
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Figure 2.11: (Left) Schematic setup during alignment of theconfocal microscope.
D1 and D4 are two Si-avalanche photodiode. The 590 nm and 405 light are

incident upon the gold Im from below. (Right) Photocounts o f detector D1 when
rastering the nano-positioning unit in the XY plane.

are replaced by two single photon detectors (Fig. 2.11(I¢ft To overlap the
excitation and " uorescence' foci, we rst illuminate the role with 590 nm
light and nd the position of the ~ uorescence' focus by rastring the nano-
positioning unit. When the position of the hole (point-souce) coincides with
the " uorescence' focus, the photocount rate of detector b at its maximum

(Fig. 2.11(right)). We then illuminate the hole with 405 nm lght. This time,

the hole is xed at the position of the "~ uorescence' focus, ral the optical
elements in the excitation arm is adjusted such that the phatcount rate at
detector D4 is optimized. With such an alignment scheme, wee overlap
the excitation and uorescence foci to less than 30 nm unceitties in the
transverse direction, and @ m in the longitudinal direction.

2.4.2 Sample preparation

In order to observe individual QDs, we sparsely embed the QD#o a trans-
parent matrix that is sandwiched between a 110m thick fused silica cover
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slip and a normal glass slidé’. The cover slips and glass slides are rst
washed with methanol, and then rinsed with plenty of distikd water. After
that, they are baked at 150 C in a glove box lled with pure nitrogen for
about an hour to remove water molecules and other chemical espes ab-
sorbed on the glass surfacé. We then prepare a CdSe or CdTe QD-toluene
solution with a concentration of' 10 2 nmol/ml. This solution is further di-
luted a hundred times using a toluene solution containing 3%by weight) of
poly(methyl methacrylate) (PMMA) or polystyrene (PS). The QD-polymer-
toluene solution is nally spin-coated on the glass slide @hsealed with the
cover slip, forming a polymer layer of about 10m thick.

For water-soluble glutathione-capped CdTe QDs that do notidsolve in
toluene, we dilute the QDs in a Si@ NaOH water solution (liquid glass)*®
before spin-coating. The uorescence behaviours of the mtlal QDs, be
it CdSe, CdTe, or InGaP embedded in the PMMA, PS or the liquid kass,
do not dier signicantly. Therefore, we only report our observations of
CdSe/znS QDs embedded in the PMMA matrix in the following sd®ns.

2.4.3 Observing single quantum dot

Figure 2.12 shows the photocounts of detector D1 (Fig. 2.1f)(in a XY scan
of a CdSe/ZnS-PMMA sample?°. The gure clearly reveals the blinking
behaviour of the uorescence from a single QD. The dark stregpat the center
of the “dot' occurs because the QD goes into the dark state tewararily. Note
that a QD has a size of 1{2 nm, the bright dot with a FWHM of' 400 nm
in the XY scan represents the resolution of the confocal sgtuOccasionally,
a number of QDs may cluster within the resolution limit and apear as a
single dot. However, since it is unlikely that all the QDs fdlinto the dark

"Fused silica cover slips are used because normal glass cogtips uoresce under UV
light. As the matrix is thicker than 10 m, uorescence from the glass slide is not collected
by the MO.

BWwith baked cover slips and glass slides, we observed longectie times of the QDs
before they are bleached by excitation light.

9The liquid glass forms a transparent matrix after water in the solution evaporates.
20The XY plane is perpendicular to the lens axis (Fig. 2.11(lef)).
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Figure 2.12: A XY scan showing a single CdSe/ZnS quantum dot mbedded in
a PMMA thin Im. The dark stripe at the center of the bright dot is due to the
QD falling into the dark state.

state simultaneously, the observation of a completely darktripe during the
XY scan is a convenient criterion for picking out real singl€Ds.

2.4.4 Estimation of absorption cross section by observ-
ing a single QD

Figure 2.13 is another XY scan showing two single QDs. The pewof the
405 nm excitation light is about 1 W before entering the MO. This power
corresponds to a photon ux of 2 10 photons per second. However, the
largest photocount rate in this scan is about 2500 $ (Dot A). This number
corresponds to a uorescence rate ofonly 1 10° s ! if we assume a uo-
rescence detection e ciency of 2.6% (Section 2.4.1). SucHage ratio of the
excitation to uorescence photon numbers is caused by the sthabsorption
cross section of the dots at room temperature.

To estimate the absorption cross section of a single QD, we note that
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Figure 2.13: A XY scan showing two single CdSe/ZnS QDs embedztl in a PMMA
thin Im.
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Figure 2.14: The ‘cross—secti?]nal view' Pf Fig. 2.13. The 4d line is tted using

two Gaussian functions, h exp Z(Lwﬁo—)z Peak A has a width w of 0:50 m.

Peak B has a lower uorescence counts and a larger widthw of 0:60 m, because
QD Bis 2to 3 m o the focal plane.
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the detected uorescence photocount rat&y is given by
Ra=1le qa=h (2.9)

wherel is the intensity of excitation light at the focus,  the quantum yield
of the QD, 4 the uorescence detection e ciency, and~! the single photon
energy at the excitation wavelength.

The excitation eld intensity at the focus can be estimated sing the in-
tensity distribution at the focal plane. Figure 2.14 showshe "cross-sectional
view' of Fig. 2.13. Fitting the spatial distribution of the photocounts with
a Gaussian function gives a waist ofv = 0:5 m for dot A that lies in the
focal plane. Note however that the so obtained waist is not @htical to the
focal waist of the excitation beam. For a confocal microscep the spatial
pro le of the photocounts in a XY scan is determined by both tle spatial
distributions of the excitation and uorescence collectio e ciencies. More
explicitly, if we assume the intensity distributions of the405 nm excitation
light and the 590 nm uorescence-simulating light are Gaugm in the focal
plane, then the normalized spatial distribution of the obswed uorescence

is given by ??
2

22 2
() =exp( W—g)exp( W—fz): (2.10)

where is the distance from the center of the dot in the focal planey, and
w; are the focal waists of the excitation and ~ uorescence' lig respectively.
As a result, if we assume thatve ' w; for simplicity, the focal waist of the
excitation beam is given by 2 05 m = 0:7 m. This leads to a focal
excitation intensity of lo' 27> =1:3 10° Wim?.

By substituting Rq ' 2500 s!, ' 052, 4' 26% andl, into
Egn. 2.9, we estimate the absorption cross section of a siagldSe QD to be
0:1 nn?. This value is in good agreement with the absorption crossci®mn

measured in the bulk experiment (Section 2.3.2). We emphasi that the

21Here, we implicitly assume that the confocal microscope is ell aligned, such that the
excitation beam and the uorescence collection beam coindies.

22The quantum yield of the CdSe QDs is above 0.5 according to theupplier. This value
is also supported by other reports [31, 32, 35, 36, 37].
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Figure 2.15: (@) Typical uorescence observed from a singl€€dSe/ZnS QD. The
QD is irreversibly photobleached after one hour. (b) A zoomin of (a) showing
the QD going into the dark state intermittently. The dot also goes into a uo-
rescence quenching state very brie y when it is “bright', resulting in non-uniform
photocounts which are integrated over 100 ms in this case.

QD is not saturated by the excitation light in this experimern, thus the
small absorption cross section is not due to over-saturatio Instead, it is
due to the broadening of the transition lines by the phonons.

2.4.5 Fluorescence from a single QD

Figure 2.15 shows typical photocounts of detector D1 (Fig..20(i)) when
the focus of the confocal microscope is xed on a single QD. der light
excitation, the uorescence of a QD exhibits an on/o behawur when it
transits between the bright and dark states (Fig. 2.15(b)).The transitions
are believed to be related to the random ionization and neulization of
the QD (Section 2.2.4). Overall, the uorescence intensityof single QDs
decreases over time. All QDs are photobleached irreversitdfter a number
of seconds to at most a few hours. We have spent a consideradteount of
e ort in trying to extend the active times of the QDs. However as the active

31



times of di erent QDs within the same sample can vary signi antly (from
seconds to hours), it is dicult to clearly identify the e ects of dierent
sample preparation techniques. Nevertheless, we observbet removing
oxygen and water contaminations in the sample increases thetive time of
the QDs in general.

2.4.6 The g@( ) function

To show conclusively that we are observing single QDs, we nseee the
second order correlation functiong®( ) of a QD's uorescence using the
Hanbury-Brown-Twiss setup shown in Fig. 2.10(ii) (see Saon 4.3 for de -
nition of g ( )). Figure 2.16 shows they® ( ) obtained from the uorescence
of a CdSe/zZnS QD in PMMA. The signal-to-noise ratio in this gure is poor
because the QD was photobleached after 50 minutes. Neveltdss, the dip
to zero at delay = 0 is a signature of uorescence from a single quantum
system. In the case of a sing®’Rb atom (Section 4.3), emission of a photon
signi es that the atom is in its ground state and cannot immedhtely emit
a consecutive photon, therefore resulting in an anti-bunaing behaviour in
the uorescence. The uorescence of a CdSe nanocrystal, dmetother hand,
shows anti-bunching behaviour for a slightly di erent reasn. The main dif-
ference is that there is only one outer electron in a Rb atom,hgreas there
can be multiple excitons in a single CdSe nanocrystal. Thdéoge, emission of
a photon from a CdSe nanocrystal does not guarantee that thenocrystal is
in its ground state (zero exciton). The observation of a strg anti-bunching
e ect in CdSe QDs is assisted by the fact that the dots do not oresce when
there is more than one exciton in the QDs. That is, multi-ex¢on relaxation
is always carried out by the much more e cient Auger recombiation pro-
cess (Section 2.2.4). This e ect suppresses the contriboiti of multi-photon
emission [82].

Another feature of theg® ( ) of uorescence from a single CdSe QD is the
lack of Rabi oscillations [82] as compared to that of an atonf{g. 4.5). This
feature is to be expected because of the shor (L ps) intraband relaxation
time of the electron and hole in the nanocrystal that destray the coherence
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Figure 2.16: Normalized histogram of the time delays between photodetection
events at detectors D2 and D3, obtained from the uorescencef a single CdSe/ZnS
QD (not corrected for background counts). The smooth black ine is a t to the
data points usingg®( )=1 exp(j j=o)with ¢=10:0 12 ns.

necessary to observe the Rabi oscillations.

2.5 Conclusion

In this chapter, we reviewed the properties of colloidal QD$CdSe/ZnS,
CdTe/znS) and documented our attempt to characterize thesdots for the
purpose of quantum information processing. The main electnic properties
of these dots can be described by modeling the excited electrand hole as
particles in a spherical box using the e ective mass appraxiation. To fully
explain the low temperature absorption and emission speetrof these dots,
one must take into account (i) quantum-con nement induced Bnd mixing of
the bulk CdSe valence bands, (ii) exchange interaction beden the electron
and hole, and (iii) anisotropy of the nanocrystal due to the éxagonal crystal
eld and prolated shape of the nanocrystal.

The excitons in the colloidal QDs have a coherent time of ledisan 1 ps.
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This phenomenon is due to the rapid intraband relaxation asged by the
acoustic phonons and the closely-spaced energy levels df tiole. At room
temperature, the transition linewidths of these QDs are gedly broadened
by the acoustic and LO phonons. We consistently found that # absorption
cross section of a CdSe/ZnS QD to be on the order of 0.1 AnThis value is a
million times smaller than that of a dipole-allowed non-bradened transition.
Even at liquid He temperatures, the absorption cross sectimf these dots is
expected to be a few orders of magnitude smaller than the maxim allowed
due to random spectral di usion of a few meV (1 THz) wide.

In order to observe single QDs individually, we set up a confal micro-
scope, and prepared samples where colloidal QDs (CdSe/Z&8Te/ZnS, In-
GaP/ZnS) were sparsely embedded in transparent matrices@uas PMMA,
PS, and liquid glass. Like other quantum systems, colloid§Ds can be used
to generate single photons. However, these dots fall intodldark state inter-
mittently when ionized and thus its uorescence intensity $ not stable. The
biggest problem with colloidal QDs is that they are chemicl unstable un-
der optical excitation. They become irreversibly bleachedfter an excitation
period ranging from a few seconds to a few hours.

In short, we conclude that the short coherent time and low alosption
cross section of the colloidal QDs render them a very di cultcandidate
for storage of quantum information. Until the photobleachag problem is
overcome, using these QDs for quantum information procesgiremains un-
tenable.

Due to the aforementioned problems of colloidal QDs, we swited our
focus to a “cleaner' system { a single atom. We again tried taugntify the in-
teraction strength between light and a single atom in free sige. Our results,
which include an experiment (Chapter 4) and a theoretical stly (Chap-
ter 3), show conclusively that e cient atom-light interaction is achievable by
focusing light onto an atom without a cavity.
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Chapter 3

Interaction of focused light
with a two-level system

Atom-light interaction at the single quanta level plays an mportant role in
many quantum communication and computation protocols [2]While sponta-
neous emission allows a simple transfer of atomic statesadntying' qubits,
strong interaction of light with an atom is needed to transfe a photonic
qubit into internal atomic degrees of freedom (stationary @pit). This pro-
cess is essential to implement quantum light-matter inteaices [18, 19, 83],
unless post-selection techniques are used [84]. A usefubswee of interaction
strength for a variety of physical con gurations is the exdation probability
of an atom by a single photon, independent of any particularckeme of in-
formation transfer from a photon to an atom.

The common approach to achieve this strong interaction is tose a high
nesse cavity around the atom, in which the electrical eld &rength of a
single photon is enhanced by multiple re ections between twhighly re ective
mirrors, resulting in a high probability of absorption [22,23, 24, 25].

Another approach is to increase the excitation probabilitpf an atom due
to a single photon simply by focusing the light eld of a singd photon down
to a di raction limited area, motivated by the fact that the a bsorption cross
section of an atom is on the order of the square of the opticalawelength.
Recent theoretical research in this direction predicts thathe absorption



probability may reach the maximal value of 100% [85]. Therdhe authors
suggested placing an atom at the focus of a lardeparabolic mirror, and
focusing a ‘radially' polarized light beam onto the atom [85 However, such
a coupling scheme is challenging to realize experimentalli simpler scheme
would be to use a lens to tightly focus light to the position othe atom.

Such a system has been theoretically investigated by van Eakd Kimble
[1] and they concluded that one can expect only low absorptiqscattering)
probability for lenses with realistic focal lengths. Howear, our recent exper-
imental results [27] showed that the predictions given in #ir work greatly
underestimate the scattering probability of a tightly focised coherent light
beam by a single atom. In this chapter, we extend the model ubén [1] so
that it is applicable to the strong focusing regime. We nd that, by dropping
two of their approximations, the interaction of a coherentight eld with
a single atom can be very strong even for realistic lenses. Byesenting
this theoretical extension before the experiment, we hopenonly to clarify
the key parameters in optimizing the interaction strength letween strongly
focused light and an atom, but also to highlight the propergs of strongly
focused elds used in our experiment. This should provide ghreaders with
greater clarity and insights when we discuss our experimeaitsetup, its lim-
itations, and our experimental results in Chapter 4. The mai results of this
theoretical work are published in [26].

3.1 Interaction strength

A good measure of interaction strength between an atom andyht in terms
of quantum information transfer is the excitation probabiity of an atom by
a single photon. Single photons can be readily generatedrfrespontaneous
emission of single quantum systems like atoms [86], molezu[82, 87], quan-
tum dots [88, 89], color centers [90], etc. They can also beated from single
quantum systems with the assistance of cavity [91, 92, 93]n bur experi-
ment, however, we do not create single photon wave packetsdanse these

1Such parabolic mirror should ideally extend to in nity so as to create a focusing eld
covering a full solid angle 4 .
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packets to excite an atom. For simplicity, we use a weak namobandwidth
radiation to excite a single atom.

When a single atom isolated in free space is exposed to weaknmchro-
matic radiation (probe), it releases the "absorbed' enerdy emitting radia-
tion that is phase-coherent with the incident radiation (ctierent scattering)
[94, 95]. An excited semiconductor nanocrystal embedded antransparent
matrix, on the other hand, can emit radiation with a lower freuency (in-
coherent scattering) and create phonons carrying the renmaing energy into
the surrounding matrix (heat absorption). Studying the interaction strength
between radiation and the quantum system in the latter casesimore com-
plicated. Here, we consider the previous scenario only. Ihi$ case, the
interaction strength between the light beam and a single ato (excitation
probability) is equivalent to the scattered probability, which is de ned as
the ratio of the scattered light powerPs. to the total incident power Pj,.
However, it is experimentally challenging, if not impossile, to measurePs.
directly since the detection area must cover the whole solahgle, including
that subtended by the probe beam. Thus, a common method for gutify-
ing the scattered power is to infer it from a transmission mearement. For
the system under investigation, a simple transmission sqius illustrated in
Fig. 3.1. There, a second lens collects all the excitation wer if no atom is
present at the focus. The measured transmission is de ned #we ratio of
the outgoing powerP,,; to the incident power Pj,

Pout _ I::'in Psc+ P sC .,

T - ’
I:)in I::'in

(3.1)

where represents the fraction of scattered light collected by thigansmission
power detector. It can be estimated from the overlap of the ession pro le of
the scattered light and the detection target mode. The scagring probability
is related to the measured transmission by

Psc _

Psc P_m -1 ; (3.2)

where =1 T is the extinction of the probe beam. The scattering prob-
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Figure 3.1: A transmission measurement setup with an atom atthe focus of a
lens. The transmitted power consists of light that is not scatered by the atom,
and part of the scattered light.

ability is always larger than the measured extinction and bmmes almost
equal only for small . Note that although Eqn. 3.2 is obtained by simple
consideration of optical power, it is fully consistent witha more complete
model that takes into account the interference between thecattered eld
and the probe eld [26].

3.2 Interaction of a focused radiation with a
two-level system

In this section we consider a scenerio where a circularly paked Gaussian
beam is focused by an ideal lens onto a two-level atom locatatithe focus
of the lens. Our purpose is to derive an expression for the #esing proba-

bility assuming weak on-resonant excitation. The reasonshy we consider a
circularly polarized Gaussian beam are:

1. We use circularly polarized light to optically pump a®’Rb atom into a
two-level cycling transition in our experiment (Chapter 4)

2. In the original proposal for a quantum network [18] and in st exper-
iments (including our experiment in Chapter 4), informatia carrying
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photons are transported using a single mode ber. As the outp eld
from a single mode ber has a Gaussian spatial mode, consithgy a
Gaussian beam is thus useful.

There are di erent approaches to obtain the scattering proability. To give
a more complete picture, we will discuss three approachesdapoint out
their possible limitations. The rst approach considers aborption as the
reverse process of spontaneous emission to obtain the seattg (absorption)
probability. The second approach compares the scatteringass section of the
atom and the “size' of the focused beam to obtain the scattag probability.
The third approach requires knowledge of the eld at the focs§ and uses
semi-classical approximation to obtain the scattering ptmability. We adopt
the third approach.

3.2.1 Reverse process of spontaneous emission

In free space, the spontaneous emission of a single photooharacterized by
an exponential decay of the upper state population of the etter [96], which
is due to the interaction of the emitter with an in nite number of vacuum eld
modes. As these modes can be considered as a heat bath [94, glocess
of spontaneous emission in free space is often regarded asiregversible
process. However, Sondermann et. al [85] argued that thisdversibility is
to be understood in a thermodynamical sense, but not as a véaion of time
reversal symmetry. They argued that the reversibility of tle spontaneous
emission process can be inferred from the fact the Schreder equation is
invariant under time reversal for a closed system with a Hartionian without
any explicit time dependence. The implication of such a colusion is that:
if one is able to arti cially create the time reversed versio of the dipole
wave that is emitted by an atom, one would nd that this wave waild be
absorbed by the atom with a probability of one. To be more exjit, one
needs to create a wave (a single photon), moving towards thée, whose
spatial and temporal pro les match the respective atomic ¢liole emission
[98]. To calculate the absorption probability, one typicdy evaluates the
overlap between the incoming eld and that of the dipole em&on. Although
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the above picture is intuitively simple, it cannot be easilyapplied to our
system to quantify the scattering probability. This is becase our setup uses
monochromatic light instead of single photon pulses to exeithe atom.

3.2.2 Scattering cross section

Another common approach to estimate the scattering probaliy is by com-
paring the “cross sectional area' of the focused eld ta,. { the scattering
cross section of a two-level system exposed to a weak resarmaonnochro-
matic plane wave, given by [95, 99, 100] (Appendix A.1)

max = 3 2=2: (3.3)

For an optical wavelength of say 780 nm, this scattering cressection is
approximately &3 m?, even though the diameter of an atom is only a few
angstroms. If . is interpreted as the cross-section of a classical object
such that all of the light that falls onto this object is scattered, one could
estimate the scattering probability ps. by

Poc = (3.4)

whereA is the area of the beam. In particular, as the di raction limied focal
spot area of a radiation with wavelength is on the order of 2, Eqn. 3.4
points to the possibility of achieving substantial scatteng by focusing light
onto a two-level system. Nevertheless, it should be emphasil that Eqn. 3.4
does not re ect the actual scattering probability. In fact,an atom interacts
only with the eld within the size of the atom. It is the polarization and
the amplitude of the eld within the size of the atom that detemines the
power of the eld scattered by the atom. In the case of strongotusing, the
polarization and intensity of the focused eld can vary appeciably within
a distance smaller than a wavelength (Section 3.3.4). Ovégeusing a eld
pushes some eld energy to side-lobes near the focus, and gshdecreases
the eld strength at the focus (Section 3.3.4). As a result, d@eam with a
smaller focal areaA does not necessarily create a eld that interacts more
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strongly with an atom. Furthermore, as the de nition of the focal areaA is
quite arbitrary, Eqn. 3.4 is therefore not accurate in prediing the scattering
probability of a focused light eld by a single atom.

3.2.3 Scattering probability from rst principles

In order to predict the scattering probability of a light beam by an atom
accurately, it is necessary to know the properties of the dlat the location of
the atom. Consider again the setup shown in Fig. 3.1 where a nachromatic
Gaussian beam is focused by a lens onto a two-level atom. Wewase that
the incident light is circularly polarized and the waist of he Gaussian beam
coincides with the focusing lens. The electric eld strengitbefore the lens is
given by

E(t) = %[cosﬂt )& +sin(!t )9le “T; (3.5)

where is the radial distance from the lens axisw, the waist of the beam,
R; ¢ are the unit vectors in X and Y directions respectively, and, is the
eld amplitude. The power carried by the incident beam is gien by

0 CE 2w?; (3.6)

where o is electric permittivity in vacuum. Due to the symmetry of the
system, the eld on the lens axis is always circularly polazed. So for an
atom that is stationary on the z-axis at the focus of the lenghe electric eld

can be written as

E(t) = E% [cos(t )& + sin(!t )¥]; (3.7)

whereE, denotes the amplitude of the eld at the focus. A two-level sstem
exposed to such a classical eld is a well studied system [9), 100]. Ne-
glecting spontaneous decay of the excited state, a two-léwystem exposed
to a resonant classical eld undergoes Rabi oscillation inhich the state of
the atom oscillates between the ground state and the excitestate with a
Rabi frequency (Appendix A.1). With spontaneous emission the popula-
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tion of the excited state ,, (the probability that the atom is in the excited
state) reaches a dynamic equilibrium. The average power siesed by the
two-level system can be shown to be

Pse= 22 (3.8)

where is the spontaneous decay rate of the two-level systemTo maxi-
mize the scattering probability, one needs to optimize,, for a xed incident
power. This is achieved only when the intensity of the exteat eld is weak
( ) and the eld resonates with the two-level system. Under these
conditions, the power scattered by a two-level atom is givehy (see Ap-
pendix A.1)

2E2
Py = M; (3_9)
4
leading to a scattering probability of
Pe 32 Ea ?
Psc : (3.10)

I::'in ZWE E L

Eqgn. 3.10 is exact under the conditions of weak and on-resaoaxcitation.
The remaining task now is to obtain the ratio, Ex=E, )?. For a weakly
focused eld where the paraxial approximation holds one nd that

(EA=EL)? = (W =w)5; (3.11)

wherew; is the Gaussian beam waist at the focus. This leads to the folling
expression for the scattering probability:

2
3 2 max.
2w2 2 -
W; W ¢

Psc = (3.12)
Comparing Eqgn. 3.4 and Egn. 3.12, we see that Eqn. 3.4 givestlorrect
scattering probability when we de ne the "area’ of the Gausan focal spotA
as w 2=2. However, for strongly focused light, the paraxial appramation
breaks down, and we require other methods to ndB,=E,)2.
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3.3 Calculation of eld after an ideal lens

In the last section, we found that the scattering probabiliy of a light beam
by an atom is proportional to (Ea=E_)? (Eqn. 3.10). This means that, to
achieve optimal scattering probability, one would need to aximize E for
a given E_ by tightly focusing the incident eld. As there is no analytical
expression for a tightly focused eld, the scattering probaility can only be
calculated numerically. Given the properties of the incidg eld and the
lens, the eld at the focus can be fully determined by Maxwelequations.
In principle, we can compute the eld at the focus, and thus tk scattering
probability for any lens. However, our purpose here is not tdesign a perfect
lens that creates the tightest focus. Instead, we start by osidering an ideal
lens and assuming a focusing eld after the lens. We then pragate the
focusing eld to the location of the atom and compute the proprties of the
eld around the focus exactly.

Our approach follows closely a paper by S. J. van Enk and H. J.ilkble
[1]. The main idea of their method is to expand the outgoing kel after a lens
in a complete set of modes that satis es the source-free Maglvequations.
In principle, one can choose any complete set of modes as thasib for
the expansion, such as multipole waves [101, 102], plane esvetc. Van
Enk and Kimble adopted a set of modes that takes on a simple farin
cylindrical coordinates, making use of the symmetry of theystem. Once the
contribution of each mode is known, the properties of the @ at any location
after the lens can be determined with certainty and the scagring probability
can be obtained. Here, we extend their model to the strong fasing regime.
The extension is done by modeling the lens action such that ehfocusing
eld has a spherical wave front after the lens and is compatié with Maxwell
equations.

3.3.1 Cylindrical symmetry modes

We brie y outline the main properties of the cylindrical moces, directly fol-
lowing [1]. The complete orthogonal set of modd3 is de ned such that an
electric eld that satis es the source-free Maxwell equatins can be expanded
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in these modes as " N #
E(t)=2< aFéet (3.13)

where the summation over is a short-hand notation for

x < Z x X
dk  dk, : (3.14)

S m

and a are arbitrary complex amplitudes. The modes are characteed by
four indices (k;k,;m;s), where k = 2 is the wave vector modulus,
k, = K 2 the wave vector component inz-direction, m an integer-valued
angular momentum index, ands = 1 the helicity.

Since the electrical eld has to satisfy Maxwell equationghe mode func-
tion should be transverse, i.et F =0. The dimensionless mode functions
F in cylindrical coordinates (;z; ) are de ned in [103] as

k
TZG(k;kz;m+1)’\ R
P35k
G(k;k;;m 1A i4—fG(k;kz;m)2; (3.15)

F(z; )

_ 1k 1 sk+ k,
-4

p : :
wherek; = = k? k2 isthe transverse part of the wave vector, * = (X i §)= g 2
are the two circular polarization vectors, and

G(kikz;m) = JIm (ke ) exp(ikzz) exp(im ); (3.16)

with J,, the mth order Bessel function. The mode functions satisfy the
orthogonality relations
Z
dVF () Fo)= (k K9 (k; K9 mmo sso=K; (3.17)

where the integration extends over all space.

As we are interested in a monochromatic beam with a xed valuef
k =2 = propagating in the positive z direction (k, > 0), the set of mode
indices is reduced to (k¢; m; s) where, for conveniencek; is taken as a
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mode index instead ok,. Now, we introduce the notation

X < X X
dk, (3.18)

S m

for a complete summation over all possible modes. For a xddthe modes
F are orthogonal in planes perpendicular to the axis:

Z
dSF () Fo®)= (k& K9 mmo so=(2K4); (3.19)

wheredS is a surface element on such a plane.

3.3.2 Focusing with an ideal lens

Similar to [1] we model an ideal lens by multiplying a local phse factor
" () to the incoming eld Fj,. As in Section 3.2.3, we consider a collimated
circularly polarized Gaussian beam which is focused by aneial lens in the
plane z = 0. In the new notation, the dimensionless incoming eld is iyen

by

2

Fn=exp( —); (3.20)
n WE

and the output eld right after the lens is modeled by
2
Fou(; ;2 =0)="()exp( —5)": (3.21)
Wi

The complete output eld is then obtained by

X
Fout () = F(f); (3.22)

with 7
=2 k; dSF.:(¥) F (¥): (3.23)

z=0
Now one has to choose an appropriate phase factof ) to describe the
action of the lens on the incoming eld. Our aim is to select a( ) that gives
rise to the strongest possible focusing, with the conditiothat the eld after
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the lens should be physical, i.e. it satis es the source-EeMaxwell equations.
One would guess that d ( ) that gives strongest focusing should create a
spherical wave front after the lens, because a light eld emted from a small
object has a spherical wave front.
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-~ /
o /
/4 ,
Ideal lens
z=0

Figure 3.2: A spherical wave front (half of the sphere) formé after passing an
ideal thin lens. Here F is the focal point of the lens,f is the focal length, S is the
intercept point of line PF and the wave front.

In van Enk and Kimble's paper [1] the local phase factor was oken to
be

Cp( )= e (3.24)

where f is the focal length of the lens. This phase factor gives rise &
parabolic wave front after the lens?. The choice of this phase factor allows
an analytical integration for obtaining the coe cients . However, as a
parabolic wave front approaches a spherical wave front onfgr f, this
phase factor is not expected to give the strongest focusings it turns out,

2The wave front of the eld resembles an elliptical paraboloi for small f . However,
it is not parabolic for large .
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" oo( ) greatly underestimates the eld strength at the focus espeally in the
case of strong focusing, and thus is not applicable for desxing lenses with
high numerical aperture. Moreover, in our experiment (Chagr 4) much
higher values of scattering probabilities than that predied with the help of
Eqgn. 3.24 were directly measured [27]. In view of the largesdrepancies, we
describe the lens with a di erent local phase factor

' Sp( ): e ik ( +f f), (325)

which is expected to create a focusing eld with a sphericalave front after
the lens®. With phase factor' s, the expansion coe cient becomes

1 p _ 2
d Jok )exp ik( 2+f2 f) —
0 WL
(3.28)
This integration has no analytical solution and is thus compted numeri-

cally. As one of the mode indice; is a continuous variable, a su ciently

K sk + k, z
ml tik

large number ofk must be rst computed and then interpolated in order
to correctly construct the output eld (see Appendix A.2 for more details).
The largest component of the output eld (Eqn. 3.22) is the £ component,
which is given by

Z
X k 1 sk+ k,

Fio(332) = dk; 7 K Jo(kt ) ghz? ~(ke:1s); (3.29)
- 0
s= 1
3 Creating spherical wave front with ' sp- The main function of the local phase
factor - p—
1 sp( ): e Ik( +f f) (326)

is to introduce a phase advancement of ( ) = k(p 2+f2 f)to the eld at point

P(;;z =0). Referring to Fig. 3.2 where we show a spherical wave fronformed after
passing an ideal thin lens, one can easily show that the distace between point P and
point S is given by P
PS= 2+f2 f: (3.27)
Therefore, when a wave that originates from point P arrives & point S, it would have a
phase equal to that at point O. As this conclusion is true for dl point P(; ;z = 0) of

dierent . The local phase factor' s,( ), therefore, creates a spherical wave front after
the lens.
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Figure 3.3: jF. j? along the lens axis obtained with the spherical phase factot sp
and the parabolic phase factor' ,, for the parameters mentioned in the text.

whereF.  Fy 7., and ”, is the complex conjugate of /.

Figure 3.3 shows the near-focus dimensionless intensjfy. j2, obtained
for the parameters:f = 4:5mm, = 780 nm andw_ = 1:1 mm #, using
the phase factors s, and ' p,. The horizontal axis shows the displacement
from the ideal focal position along the lens axis, z = z f. Itis clear
from the gure that adopting a parabolic wave front signi cantly reduces
the maximum intensity after the lens. Unlike' ¢,( ) which concentrates the
energy of the eld in a small region,’ ,,( ) spreads the energy of the focused
eld over a region closer to the lens, and thus results in a reded intensity
in the focus, similar to spherical aberration in classicalptics. This problem
becomes more serious for a larger incident waisi_ (or stronger focusing)
because a parabolic wave front deviates more from a sphetieave front for
larger

The numerical result forjF. j? allows now the calculation of the scattering

4These parameters correspond to the values used in the experent.
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probability (Eqn. 3.10). With

En *_ iF.j2 (3.30)

E. JF+) :
we obtain a scattering probabilityps. of 14.8% for a spherical phase factorsp,
whereas the parabolic phase factor adopted in [1] only leattsa scattering
probability of 2.6%.

3.3.3 Focusing eld compatible with Maxwell equa-
tions

In the last section, we showed that adoption of the sphericadhase factor
" sp( ) predicts a higher intensity at the focus. However, an initil outgoing

eld modeled with the help of Egn. 3.21 is not compatible withMaxwell

equations since the reconstructed outgoing eld, (¥) obtained through

Eqns. 3.22 and 3.23 has non-vanishirgahd * components atz =0* even

though the initial outgoing eld we start with only has the ~. component.

Such discrepancies are negligible for smal] , but become very large for large
incident beam waistw, .

To be more precise, the reconstructed eld (Egn. 3.22) mustasisfy
Maxwell equations since it is a linear combination df which themselves are
the solutions of source-free Maxwell equations. If the regstructed eld is
not identical to the initial eld, then the initial eld cann ot satisfy Maxwell
equation, and vice versa. Therefore, Eqn. 3.21 cannot be sigal.

In view of this, we model the eld right after the lens by conslering
changes in local polarization of the eld on top of using thepherical phase
factor with three requirements in mind. The requirements a-

1. A rotationally symmetric lens does not alter the local amuthal eld
component, and only tilts the local radial polarization corponent of
the incoming eld towards the axis;

2. The polarization at point P (see Fig. 3.2) after transforration by the
lens should be orthogonal to the line FP to form a spherical wa front;
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3. The power owing into and out of an arbitrarily small area o the thin
ideal lens is the same.

These requirements are identical to the assumptions made Richards and
Wolf on the transformation of polarization of optical rays ly optical elements
[104]. With these requirements, we model the eld right aftethe lens as®

Fou(;; 0) = p L 1+cos N+ Si?)?I 2+ cos 192i A
cos 2 h p2 2|
exp  P=wf exp k(" Z+fZ f); (3.34)

where thepch_S term is due to the third criterion, and can be understood by
noting the di erence in the Poynting vectors of local elds kefore g =0 )

and after (z =0%) the lens. The expansion coe cient becomes
Z 1
1 f sk+ k, 1+cos
= mkKq d p
0 cos k 2

sk k, cos 1 [ O — .
L — Ja(k )Jexp ik( 2+fz f) i

Jo(ky )+ i

STransformation of local polarization . To obtain the local polarization of the
focusing eld in Eqn. 3.34, we consider an arbitrary point P(; ; 0) before the lens and
an incident light eld with polarization

L
A=A, = *49_2'9; (3.31)
or in the cylindrical basis,
ie' A
= p— "+ p— " 3.32
in 9—2 ‘F’E ( )
where ~=cos R+sin ¢and "= sin R+cos ¥ are two unit vectors along the radial

and azimuthal directions respectively. The ideal lens leags the azimuthal component
unchanged but tilts the radial component such that the local polarization of the eld right
after the lens is perpendicular to the line FP in Fig. 3.2 (F isthe focus point), that is:

cos e! sin_e! iel
Nout = pz At I pz 2+ 195 N
1+(;05 A+ sinp ;i ae cos2 1e2i A (3.33)
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where =tan !(=f ). The Kronecker symbol ., indicates that the angular
momentum of the incident light beam is conserved under the wnetransfor-
mation we use [105, 106]. Finally, we determine the compledeitgoing eld
with three polarization components de ned byF,  Fout ., F, Fou 2,
and F Fout ” , Where

Z
X k 1 sk+ k,

Fi(;;2) = i dke == —Jo(k: )€ % _(1s:  (3.36)
s= 1
X “x : pékt ik 22 o

F.(;:2) = dk; ( |)4—FJl(kt )€ e —(1s)y (3.37)
s= 1_0

.. _ X 1sk Kk ik 2 21 :

F(;;z) = 0 dke == Ja(ke )€ € (ki19):(3.38)

s= 1
We now consider a set of parameters, sdy= 4.5 mm, =780 nm, and

w, = 7 mm, for which the incident beam is strongly focused by theshs. We
reconstruct the outgoing eld at z = 0 using Eqgns. 3.36, 3.37, and 3.38 and
compare it to the starting output eld given by Eqn. 3.34. Figure 3.4a shows
(from top to bottom) the reconstructed jF. |, jF,j and jF jat z = 0. As
the reconstructed elds overlap visually with the polarizéion corrected eld
behind the lens, the original eld distributions are not shavn. Quantitatively,
the relative di erence between the original and reconstrued eld © is less
than 10 3, a bound limited by our numerical accuracy. For comparisorthe
reconstructed elds obtained using' s, without polarization correction are
shown in Fig. 3.4b. The reconstructed elds az = 0 are not the same as the
original elds jFoj we start with. A successful reconstruction, therefore, shs
that our extended model (Eqgn. 3.34) is physical (compatiblevith Maxwell
equations) even for very strong focusing.

3.3.4 Field at the focus

Having found a eld compatible with Maxwell's equations andwith a focus-
ing spherical wave front, we can now examine the eld at the s in more

SHere, the relative di erence between two eld vectors ; and , is de ned as “’fv%
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field strength

Figure 3.4: Absolute eld strengths after the ideal lens re@nstructed from the
expansion into cylindrical components at at z = 0 obtained with parameters:
f =45mm, =780nm, and w. = 7mm. (a) Polarization-corrected outgoing
eld given by Eqgn. 3.34. (b) Only with spherical wave front ph ase factor' sp, no
polarization correction. The traces in the gure (b) are: the amplitude of the

original . -polarized eld jFgj, and the reconstructed eld strengths jF. j, jF,j and
iF ]

detail. Figure 3.5 shows the eld at the focal plane for di eent focusing
strengths obtained with this model. Every individual plot n the gure as-

sumes the same focal lengthf (= 4.5 mm) and wavelength ( = 780 nm),

but di erent incident waists w_. In each plot, we show the absolute eld
strengths jF. |, jF;j, and jF j, together with the eld predicted using the
paraxial approximation given by

- W :
Flocus = W, exp( W)Ah (3.39)
with a paraxial focal waist

w =f=w _: (3.40)
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For weak focusing,jF.j overlaps completely with the paraxial prediction
with negligible jF,j and jF | (Fig. 3.5a). Whenw; ' 3.7 m (about 5 ),
discrepancies between paraxial approximation and the extéed model start
to appear (Fig. 3.5b). Thez* and ~ - polarized elds become stronger as
w_ increases. However, they never appear on the lens axis. Téfere, an
atom localized on the lens axis would only experience the-"ypolarized eld.
Figure 3.5d shows the focusing that maximizg$. j for these parameters in
our model. It is obtained with a incident waistw, = 10 mm. Increasing the
incident waist further does not make the focal spot smallerwe to di raction
limit. Instead, more energy is transfered to thgF,j and jF | side lobes, thus
decreasing the magnitude of th¢F. ] component again. It is clear that the
properties of the eld around the focus vary signi cantly wihin a wavelength.
Nevertheless, a localized single atom would still experen a eld with a
well de ned polarization and amplitude because it is much sailer than the
characteristic length scale of such variations.

Bassett [107] has established an upper bound to the eld emgr density
which is attainable by passive concentration at any poinG for a given input
power [107]. He assumes that the poinG is many wavelengths from any
object and the light passes only once through the point (as ppsed to the
case of a cavity). He found that the ratio of the electric engy density at G
to the total incident power has a maximum value given by [107108]’

k2

Frax — - 3.41
wherek =2 = . In our notations, this ratio becomes

oE2=4 1  E, °

Pin cw E E_L ,

Fo = (3.42)

where we have made used of Egn. 3.6 for the incident powey. For the
strongest focusing we have calculated with this model (Fi§.5d),F. ' 0:727F "®

’The maximum ratio of the total eld energy density to the tota | incident power is
Fmax = k2=3¢. The total eld energy density includes the magnetic eld and electric
eld energy densities, each contributing half to the total eld energy density on the lens
axis due to symmetry of our system [108].
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Figure 3.5: Absolute eld strengths at the focus for di erent focusing strengths.
Di erent plots are obtained with the same focal length of 4.5mm and wavelength
of 780 nm, but with di erent input waists wy .

at the focus of the lens. This shows that the focusing eld maded by
Eqgn. 3.34 is able to give rise to a eld concentration compabde to the
strongest eld concentration allowed in a free space opeianh.

It should also be noted that a strongly focused eld does notdve a planar
wave front at the focus. This can be understood from the fachat

Fo(532 )= F(;2)€ ,andF (532 )=F (;2)é ; (3.43)

which means that the phase of the eld on the focal planeg = f is not
uniform (Egns. 3.37 and 3.38).

54



3.3.5 Ohbtaining the eld at the focus using the Green
theorem
To verify the validity of the above calculations, we adopt a derent method

to calculate the eld at the focal point. For an aplanatic fowsing eld, one
can coveniently obtain the focal eld strength using the Gren theorem [109]:

l h i h i
E@= d&® fikc a° B#) G+ 8° EGY r G
s h [
+ A%E(+9 r GO; (3.44)

which means that the electric eld E(¥) at point + can be obtained given
the electric and magnetic elds €(+9 and B(+%) on an arbitrary closed
surface S° that encloses the pointr. Here, 1Cis the unit vector normal to
a di erential surface elementdal’ and points into the volume enclosed by°
and G is the Green function given by
gkir 9
G= ——: 3.45
4 j+ +9 (3.45)
If point * is the focus of an aplanatic focusing eld, then the local eld
propagation wavevectoik ®at any point +°always points towards (away from)
point ¥ for the incoming (outgoing) eld in the far eld limit, i.,e. w hen
j*r 9 . In this limit, one has
RO .
B(+9 ! SKG E(+9; (3.46)
r G! iR%G before the focusr %G ! iR%G after the focus: (3.47)

Eqgn. 3.44 reduces to
VA h i
E(rlow ) = 2 d&® A°R° E(+9G
ZSbf h i
+2i da® n° E+%Y RG: (3.48)
Saf

Here the surfaceSCis divided into two regions. Sy is the region before the
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focal planeSy; and Sy is the surface after the focal plane. The second term
in Eqn. 3.48 is zero if we choos&, to be an in nitely large semisphere
centered at the focus, since in this case®is perpendicular toE(+9 at all
points on Sy for an aplanatic eld. If we chooseS,; as an in nitely large
plane that conincides with the ideal lens and adopt the inceht eld given
by Eqn. 3.34, Eqn. 3.48 becomes

kP e d (f+pf2+72)

2 o (f2+ 2)5=4

E;0,z=f) = exp( W—z)’\, (3.49)
L

which has an analytical solution of

2 3
s L
k"™ fw, f2 ( 7a2) 1 f2
o= £y = o4 2 L1 5 .
EO0z=1)= —,—= exp(WE) " +(4’WE) . (3.50)

R
where (a;b = bl t2 le tdt. The focal eld strengths obtained by Eqn. 3.50

agree fully with the results obtained using the mode-decoropition method,
within computational errors of about 0.1%. The i imaginary number re-
ects a Gouy phase of =2 [110].

3.4 Scattering Probability

With the knowledge of the eld at the focus, we can now calcuta the scat-
tering probability of a light beam by a two level system. Figue 3.6 displays
the scattering probability as a function of the incident wast w, , obtained for
focusing parameters =4:5 mm, =780 nm. The curves in the gure are
obtained using (from top to bottom) the paraxial approximaton (Eqn. 3.39),
spherical wave front with polarization correction (Eqn. 34), spherical wave
front without polarization correction (Eqns. 3.21 and 3.2 and parabolic
wave front without polarization correction (Eqns. 3.21 and3.24). It is clear
that adopting a parabolic wave front after the lens greatly educes the scat-
tering probability (' ,p, curve). With a spherical wave front, the scattering
probability increases signi cantly especially for strongr focusing { s, curve).

However, as was pointed out in previous sections, modeliniget output eld
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Figure 3.6: Scattering probability as a function of w, obtained (from top to bot-
tom) by assuming paraxial approximation, spherical wave font with polarization
correction, spherical wave front without polarization correction, and parabolic
wave front without polarization correction (f = 4.5 mm, =780 nm).

without considering the action of the lens on the polarizatin of the eld
gives rise to an unphysical focusing eld. Our attempt to costruct a physi-
cal focusing eld predicts even larger scattering probaliy compared to the
previous models with a maximal value of 145% ( &' curve). It should be
noted that all of the three models converge to the paraxial na@l for small
w,, with the parabolic model diverging most quickly and the phgical eld
model diverging last.

Now, a scattering probability of more than 100% seems to sugg} a
violation of energy conservation (i.e. power scattered by @o-level system
is more than that of the incident probe). A simpler explanatn is that we
have made a mistake in our calculations. However, repeatetiecks have
con rmed our results. Indeed, the scattering probability an be more than
100% if we assume the scattered power is given by Eqgn. 3.9. ISwesults
were obtained also in other works [111, 112]. In fact, a numbef literatures
have shown that there is no violation of energy conservatiom this case
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since the probe eld and the forward scattered eld interfees destructively,
as was shown in [113, 114, 115] for the case of an incident glamave, and
by Zumofen et al. [111] for arbitrary incident elds with the help of vectorial
multipole expansions [116, 117].

To provide more insights, Egn. 3.9 represents the total pow¢hat would
be emitted by a two-level atom that experiences an excitatio eld with an
amplitude of E5. This equation does not consider the origin (source) of the
excitation eld (which is the incident probe eld in our discussion), and the
possible interference between the emitted eld and the exation eld 8. By
considering the interference between the scattered eld drexcitation eld,
the false impression that the power scattered by the atom isare than that
of the incident eld would not appear (see Appendix A.10). Adnittedly, the
notion of “scattering probability' is thus not an appropride one since this
guantity can be more than one. One can think of using other nmns, for
example ‘scattering ratio’, but it would not avoid the energ-conservation
paradox. Therefore, we purposely choose the notion of "deaiing probabil-
ity' to highlight this "unexpected' paradox.

From the experimental perspective, the scattering probaliy is a well
de ned physical quantity when the focusing strength of the mpbe is weak.
In this regime, the solid angle subtended by the probe is snh&ay less than
a few percents of the full solid angle). In principle, the pogr scattered by
the atom can then be measured quite accurately. As the focogistrength of
the probe increases, the scattering probability and the sdlangle subtended
by the probe beam also increase. In this case, one cannot aately measure
the total scattered power, since it is not possible to distiguish the forward
scattered eld and the excitation eld within the solid angle subtended by the
probe. Thus the “scattering probability' becomes a less niagful physical
quantity. In the regime where the scattering probability ismore than 1, the
solid angle subtended by the probe would almost cover the fidolid angle
and the “scattered power' cannot be measured. Therefore,ethiscattering
probability’ loses its original simple interpretation in this regime.

8Under a weak coherent excitation eld, the eld scattered by an atom is coherent with
the excitation eld [94].

58



Having discussed the shortcomings of physical interpretioof the scat-
tering probability de ned in Egn. 3.2, we think that this quantity is still
a useful quantity that re ects the interaction strength between a coherent
eld and an atom although it cannot be interpreted physical in the strong
focusing regime. We note in passing that the largest scatteg probability
is 200% [111]. This result is determined by the Bassett lim{tL07]. In this
limit, the probe eld is completely re ected by the two-levd system (see [111]
for more details).

Coming back to our results, we emphasize that the maximum gtearing
probability of 145% is obtained with the focusing eld de nal by Eqn. 3.34.
However, it is not known if one can ever construct a high numieal-aperture
lens that gives rise to such focusing eld. Therefore, we dmhclaim that such
a high scattering probability can be achieved readily in anxperiment. The
more important message is that we have shown the possibiligf achieving
high interaction strength between a light beam and a singleé@m by focusing.

3.5 Conclusion

In this chapter, we theoretically investigated the interaton strength between
a focused light eld and a two-level atom. We began by de ninghe interac-
tion strength as the scattering probability of the light bean by the atom. We
then derived an general expression for the scattering pratasity by assuming
a circularly polarized- monochromatic Gaussian light bearand a two-level
atom localized on the lens axis. Finally, by constructing alysical focusing
eld with a spherical wave front and by computing the eld at the focus, we
show that a focusing light eld can interact e ciently with a single atom in
free space.
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Chapter 4

Strong interaction of light with
a single trapped atom

In this chapter, we present an experiment which demonstragesubstantial
extinction of a light beam by a single®’Rb atom in free space. The strong
extinction (up to 10%) allows us to measure the absorption sgtra of the
atom directly without using modulation ampli cation techniques. The ab-
sorption spectra measured clearly reveal the energy shiftsthe 8’Rb atom
caused by the trapping light, and have spectra widths limité by the lifetime
of the atomic transition. The results of this work are publiked in [27].

Background

Since advent of lasers, the resolution and sensitivity of eptroscopic mea-
surements have improved to the extent that the spectrum of argyjle quantum
system can be measured. When it comes to spectroscopic measients of
single quantum systems, most experiments rely on uoresaanspectroscopy
techniques [118]. However, direct absorption measuremsmould be desir-
able because they allow one to quantitatively access the agal polarizability.
Earlier absorption spectroscopy experiments on single ®1i119], molecules
[120, 121], and quantum dots (nanocrystals) [122, 123] shemvdi erential
extinctions on the order of 10° to 10 4, and made use of modulation ampli-



cation techniques. More recent experiments performed onrgyle molecules
and semiconductor quantum dots [124, 125, 126, 127] alreasw a signal
contrast from a few percent to 13%. The high signal contrastas made possi-
ble either by strongly con ning the light eld using small aperture [124, 125]
or by tightly focusing the light eld using solid immersion kenses [126, 127].
However, the results of these experiments do not show the aat extinction !
of the excitation beam by the quantum systems. In usual extetion measure-
ments, e.g. as implemented in a commercial spectrophotoraet the probe
beam is fully collected by the power measuring device. Hovesy this is not
the case in previous extinction measurements performed oingle quantum
systems. The reason is that substantial extinction of a prabbeam by a
single quantum system generally requires strong focusinig.is, nevertheless,
di cult if not impossible in most experiments to collect the strongly diverg-
ing probe fully after the focus. As such, the “extinction' masured in these
experiments is not the extinction in the usual sense and caonbe used in a
straightforward way to quantify the actual scattering prokability of the probe
by the quantum system. In fact, the signals observed in thessperiments
[124, 125, 126, 127] were optimized using the interferencetween the light
scattered by the quantum systems angbart of the excitation light beam
(See Section 4.7). The signature of such interference is ealed, for exam-
ple, in [121, 123, 125, 126] as a ‘transmission' of more tha®d0%, obviously
violating energy conservation.

As our main task is to quantify the scattering probability ofa light beam
by a single atom, we design our setup to ensure that the extithen we mea-
sure is not enhanced by such interference e ect. The main idef our setup
is to focus a weak and narrow bandwidth Gaussian light beam r@be) onto

1There are dierent de nitions of the extinction . In transmission spectroscopy, ex-
tinction is sometimes dened as = log(1=T)or =1 T, where 0< T 1 is the
transmission. In the scattering theory of light by small particles [78], extinction is equiva-
lent to the sum of optical powers scattered and absorbed by th particle. In such a context,
absorption refers to optical energy absorbed and transferkinto heat by the particles. In
recent single particle experiments [125, 126, 127], extition isdenedas =1 T. We
adopt this de nition in this dissertation but we emphasize that T should be measured by
fully collecting the probe. Only in this case, the measured gtinction is a well de ned
quantity and can be used to quantify the scattering probability.
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an optically-trapped single®’Rb atom using a lens. The atom scatters part
of the probe. The remaining part that is not scattered is fulf collected by
a second lens in the downstream direction, and delivered tosangle photon
detector. The fact that we measure the extinction by colleatg all of the di-
verging probe after the focus allow us to set a lower bound thé scattering
probability of the probe by the atom (see Section 3.1).

4.1 Setup for extinction measurement

Figure 4.1 shows the schematic diagram of our experiment. &theart of the
setup consists of two identical aspheric lenses (full NA =B5;f = 4:5mm),
mounted in a confocal arrangement inside an ultra high vacau chamber.
The collimated Gaussian probe beam is rst delivered from airggle mode
ber, focused by the rst lens, fully collected by the secondens, and nally
coupled again into a single mode ber connected to a Si-avalehe photodi-
ode. A®Rb atom is trapped at the focus between the two lenses by means
of a far-o -resonant optical dipole trap (FORT) formed by a light beam
( =980nm) passing through the same lenseés Cold atoms are loaded into
the FORT from a magneto-optical trap (MOT) surrounding the FORT. The
Si-avalanche photodiode D2 detects the uorescence of theapped atom
exposed to the MOT beams (Fig. 4.1). It triggers the transmg&on measure-
ment when an atom is loaded into the FORT. The Si-avalanche phodiode
D1, on the other hand, measures the photon ux of the transmiéd probe.
We obtain the extinction of the probe beam by the atom througltomparing
the photocounts at D1 with and without the atom in the FORT.

2Using a tight FORT to trap a single atom was rst demonstrated by Philippe Grang-
ier's group at the Institut d'Optique in France. The main di erence between our setup
and theirs is the wavelength of the FORT. They adopted a 810 nmFORT [128]. The
advantage of such a choice is that a smaller FORT power is needl to trap the atom
since 810 nm is closer to the D2 transition of the®” Rb atom. We chose a 980 nm FORT
because it reduces the scattering of the FORT light by the aten, and thus reducing the
disturbance on the atomic state. Our setup resembles closglthat of Harald Weinfurter's
group at LMU Munich. They adopt a 856 nm FORT light, and use a microscope objective
(MO) located outside the vacuum chamber for uorescence cdéction [129]. As there is a
thick window (2.5 mm) between the trapped atom and the MO, the uorescence collection
e ciency of their setup is a ected by abberations.
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Figure 4.1: Experimental setup for measuring the extinction of a light beam by
a single atom. AL: aspheric lens { = 4:5mm, full NA = 0 :55), P: polarizer, DM:

dichroic mirror, BS: beam splitter with 99% re ectivity, =4; =2: quarter and
half wave plates, F1: lters for blocking the 980 nm FORT light, F2: interference
Iter centered at 780nm, D1 and D2: Si-avalanche photodiods. Four more laser
beams forming the MOT lie in an orthogonal plane and are not slown explicitly

(see Fig. 4.2).

As one would expect to observe maximum extinction for a cleawo-level
system with no other decay channels, we use a circularly palaed probe
beam to optically pump the ®’Rb atom to a closed-cycling transition either
betweenjg+i = j5S;F =2;mg = +2 i andje+i = j5P5; F%=3;mgo=+31i,
orbetweenjgi = jF =2;mg = 2i andjei = jF°=3;mro= 3i (Fig.4.6).
During the transmission measurement process, the atom maglifinto the
(5S,,; F = 1) metastable ground states, which are o resonant to the pbe.
To bring it back to the pumping cycle, circularly polarized ight resonant
with the D1 transition is mixed into the probe beam, and lateremoved with
an interference Iter F2 (Fig. 4.1). We also use a circularlypolarized FORT
beam coaxial with the probe because this minimizes populah leakage out
of the two-level system (Section 4.4).

To facilitate further discussions on the extinction meas@ment, we will
focus on some important properties of our system in the nexéw sections.
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Section 4.2 provides more technical details of our setup. den 4.3 presents
the evidences showing that there is no more than one atom traed in our
FORT at any time. The e ects of the FORT light and external magnetic eld
on the atom and their in uence on the extinction measuremenare discussed
in Section 4.4. Section 4.5 explains how we measure the egtion of the
probe caused by the atom in the FORT. Finally, we present andiscuss our
experimental results in Section 4.6, 4.7, and 4.8.

4.2 Technical details of the setup

This section provides a detailed technical description ofuo setup.

Aspheric lenses

An aspheric lens is a simple single element replacement foultirelement
microscope objectives. It is normally designed to focus alicmated beam
into a diraction limited spot. Thus, a collimated light beam focused by
an aspheric lens should have a spherical wave front after thens, thereby
creating a focusing eld closer to that described by Eqn. 343 Besides, an
aspheric lens has a much lower re ection loss than a microge objective.
It is also more suitable for an ultra-high vacuum system tham microscope
objective, since trapped air pockets and glue used in the camercial micro-
scope objectives might cause problems during pumping dowhtbe vacuum
chamber.

The two identical aspheric lenses used to focus and recoll¢ice probe
beam in our experiment are manufactured by LightPath Techrlogies, Inc.
(catalogue number 350230). They are designed to colimate 807nm diode
laser. The lenses have a back focal length (working distapogf 2.91 mm.
To arrange the lenses confocally, the distance between theotlenses is xed
at 5.82 0.02 mm (the uncertainty is due to the machining accuracy ohe
lens holder). The lenses are near infrared anti-re ectionoated and have a
clear aperture of 4.95 mm.
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Magneto-optical trap

We use a three-dimensional magneto-optical trap (MOT) [13Q.31, 132] to
cool and gather a cloud of’Rb atoms around the FORT. The MOT consists
of (i) three pairs of light beams (MOT beams) for cooling andxerting a
scattering force on the®’Rb atoms, (ii) two square anti-Helmholtz coils for
generating a magnetic quadrupole eld at the center of the &p, and (iii)
three pairs of Helmholtz coils for adjusting the magnetic &l in the trap
(Fig. 4.2). One pair of MOT beams lie horizontally along the Xaxis. The
other two pairs lie in the YZ-plane, both at an angle of 20from the vertical
Y-axis due to the space constraint imposed by the lenses. Tasti-Helmholtz
coils are placed coaxially along the X axis. They provide magtic eld
gradients of' 7 Gauss cm? along the X axis, and' 3:5 Gauss cm?! along
both the Y and Z axes at the center of the trap. The other three ars of
Helmholtz coils are placed along the X, Y and Z axis respecély. They are
used to zero the magnetic eld at the center of the MOT beforeraatom is
loaded into the FORT, and to apply a' 2 Gauss magnetic bias eld along
the Z-axis after an atom is loaded into the FORT during the exnction
measurement (Section 4.4).

The MOT beams

Each MOT beam consists of a 780 nm cooling light and a 795 nm tepp
light, both circularly polarized. The cooling light is 24 MHz red detuned
( = 4) from the (5S1;F =2) - (5P 3; F°=3) transition of the &'Rb
atom (see Appendix A.4 for the energy levels of th&Rb atom). Its pur-
pose is to Doppler cool and trap thé’Rb atoms [100, 133, 134, 135, 136,
137]. The repump light is resonant with the (58,;F = 1) - (5P 1,; F°%=2)
transition. Its main purpose is to optically pump the atoms lack to the
(5S:-»; F = 2) ground state in case the atoms fall into the inaccessiblground
state (5S-,;F =1) [132].

Both the cooling and repump light beams are obtained from gtiag-
stabilized extended-cavity diode lasers [138, 139, 140,114The linewidth of
each laser is less than 600 kHz with a long term central-fregpcy stability
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Figure 4.2: The core of the setup including a magneto-optichtrap, a cuvette
attached to a vacuum chamber, the aspheric lenses, and the levant light beams
used for trapping the atom and performing the extinction experiment (the lens
holder in the cuvette is not shown for clarity). The inset is a zoom in near the
center of the lens system. The picture is drawn to scale.

of about 1 MHz. The cooling light is initially locked to the (55,-5;F = 2)
- (5P5-,; F%=1) transition using frequency-modulation (FM) spectrosopy
[142, 143], and then up shifted by 400 MHz using an acoustotegamodulator
(AOM) in a double pass con guration [144]. The repump light $ locked to
the crossover [100] between the (53;F =1) - (5P 1;F°= 1) transition
and the (5S-;F =1) - (5P ,-; F°=2) transition, and then up shifted by
408 MHz again using an AOM in a double pass con guration.

In our setup, a circularly polarized MOT beam is rst deliveed from a
single mode ber, sent through the vacuum chamber, re ectetty a mirror
with a quarter waveplate in front, and nally coupled back irto the single
mode ber to form a pair counterpropagating MOT beams. Owingdo re ec-
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tion losses caused by the uncoated vacuum chamber, each MOdam is not
collimated but slightly focused in order to give rise to the @me intensity at
the center of the MOT for both the forward and back-re ected leams. The
waists of the beams at the center of the MOT thus range from 0.5m to
0.8 mm. We typically use a cooling light power of 100 W for each pair of
MOT beams. The powers of the repump light in di erent MOT beans are
not equal but this is not crucial. A total power of' 65 W of repump light
is typically used. With such a setup, we obtain &’Rb-atom cloud with an
approximate diameter of &4 mm.

Probe beam

The probe for the extinction measurement is derived from theame diode
laser setup as the MOT cooling light, and thus has the same éwidth and
stability as that of the cooling light. It goes through anotrer double-pass
AOM setup, allowing us to tune its frequency independently fothe MOT
cooling light. The largest incident waist of the probe that v can reliably
use for the extinction measurement is about 1.4 mm before we seeing a
large distortion of the probe after the second aspheric lensie to the limited
NA of the lenses (see Section 4.7). Such incident waist capends to a focal
waist of' 0:80 m 3.

Far-o -resonant optical dipole trap (FORT)

When choosing a FORT wavelength, one needs to estimate (i)etpower of
the light source needed to create a reasonable trapping dbaptypically of a
few mK), and (ii) the scattering rate of the FORT light by the atom. The
depth of the FORT is approximately proportional tol= (Eqgn. A.19), where

is the detuning of the FORT light from the D2 transition of the 8’Rb atom,
and | is the intensity at the focus. Therefore, using a further deined FORT
light typically requires a FORT laser with a larger power. Onthe other hand,
adopting a far detuned FORT light reduces the scattering ra of the FORT

3All focal waists of the probe here are estimated using the paaxial approximation.
(See Section 3.3.4)
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Figure 4.3: Photograph of the probe beam passing through thewo aspheric
lenses. The bright white beam is due to uorescence of Rubidim atoms.

light by the atom which is roughly proportional to I= 2 (Eqns. A.11 and
A.13). This is useful if we want to reduce the in uence of the ®RT on the

atomic state. We have chosen a FORT wavelength of 980 nm besauwf the
low scattering rate it introduces and the availability of 98 nm single-mode
diode lasers that can supply a power up to 300 mW.

In our setup, the 980 nm diode laser is temperature stabilidewithout
an external cavity. The FORT light decreases the ground statenergy of the
8’Rb atom, forming a trap for the atoms at its focus. However, ta FORT
cannot trap an atom by itself because it is a conservative pential well. An
atom that falls into a FORT experiences a decrease in poteatienergy but
an increase in kinetic energy. The atom is trapped if the swunding MOT
cooling molasse$ manages to remove the extra kinetic energy from the atom
before it escapes from the FORT [100, 136, 145, 146].

A very tight FORT is important for our experiment because we ped to
localize the atom to a region much smaller than the wavelengbf the probe

4The FORT has a size smaller than a few microns. The atom does rcexperience
noticeable variation in the Zeeman shift within such a smallregion. In this case, the MOT
essentially acts as molasses to the atoms.
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in order to achieve maximum scattering (Section 3.3.4). Thiargest FORT
focal waist we used in the experiment is 2 m °. For this waist, the power
of the FORT light is stabilized to ' 33 mW, creating a trapping potential
depth of approximatelyh 27 MHz (equivalent tokg 1.3 mK) at the center
of the FORT. With such an intensity, we expect the o -resonah scattering
rate of the FORT light by the atom to be about 10 photons s! [145]. When
adopting a smaller FORT focal waist of' 1:4 m, we reduced the power
of the FORT beam such that the intensity at the location of theatom is
approximately the same as in the previous case, thereby késgp the trap
depth and o -resonant scattering rate unchanged.

Using the paraxial approximation, we can describe the spalidistribution
of the FORT potential by

Ug ox 22
@+22=) " W3(1+ 22=33)

U(;z)= ; (4.1)
wherewp is the waist of the FORT, andzz = w 3= denotes the Rayleigh
length. If the mean kinetic energyks T of an atom® is much smaller than
the potential depth Uy, the atom oscillates near the bottom of the potential.
In this case, the FORT potential can be approximated by
" #
2 2

z
U(;z)= W 1 2 — — : 4.2
(iz)= U e (4.2)

The oscillation frequencies of a trapped atom are given by = (4 Up=mw3 )2
in the radial direction, and ! , = (2Uy=mz3)** in the axial direction, where
m is the mass of the®’Rb atom. For a trap depth Uy = kg 1:3 mK and
a beam waist ofwp = 1:4 m, the oscillation frequencies are approximately
| =2 =80kHz and! ,=2 =13 kHz.

5The reported focal waists of the FORT are estimated using theparaxial approximation.
More accurate measurements of the trap size and depth, not péormed here, are possible
[147].

5There is only one atom in our FORT. The temperature here re eds the statistical
average of the atomic kinetic energy in the FORT.
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Overlapping the foci of the probe and the FORT

The fact that the FORT light and the probe pass through the sara set of
identical lenses allows convenient overlapping of the foof the two light
elds. To overlap the foci longitudinally (along the lens axs), we rst adjust
the divergence of the probe such that the probe waists, beéoand after the
vacuum chamber, are the same at an equal distance from the tamof the
lenses. We then repeat the same procedure for the FORT beame\astimate
the longitudinal overlap of the foci to be better than' 1:3 m ‘. To overlap
the foci transversely, we make sure that the axis of the probeeam and that
of the FORT beam coincide transversely better than 15m at a point about
10 cm from the vacuum chamber, and better than:@5 mm at 7.5 meters
away from the setup with the help of a CCD camera. Such requireents
translate into a focal transverse coincidence of better tma90 nm for the two
light elds. The fact that the longitudinal overlap is much worse than the
transverse overlap does not signi cantly a ect our experirant because the
focal eld varies less quickly along the longitudinal diretion than along the
transverse direction (See Figs. 3.3 and 3.5¢). More precségnment would
be needed if one focuses the probe more strongly.

The vacuum system

An uncoated cuvette® that contains an aluminum lens holder is glued to
a vacuum chamber using low vapor-pressure epoxy (Torr Seaisin sealant,
Variance, Inc.). The vacuum chamber, which is pumped solelyith an 24 I/s
ion getter pump, has a residue pressure of 2.5 10 ° Torr ° after bake-out.
As the temperature of the residue gases in the chamber (hightan 300 K)
is much larger than the depth of the FORT (1.3 mK), any collisbn between
the trapped atom and a background atom kicks to the trapped am out of

’The accuracy is limited by the sensitivity of our collimatin g lens-system in controlling
the divergence of the beams.

8The cuvette was obtained from the Hellma GmbH & Co. It has outer dimensions of
3 3 7 cm with a wall thickness of 2.5 mm.

9This pressure was measured with the Rb dispenser turned o .
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the FORT. This loss mechanism limits the 1/e trapping time ofthe atom to
about 2 seconds.

4.3 Trapping a single atom

Besides tightly con ning the trapped atom, a small FORT enstes a sin-
gle atom occupancy of the FORT at any time due to the collisical block-
ade mechanism [128, 148]. Such a blockade mechanism conm®s the fact
that two atoms in a very tiny trap can undergo light-assistednelastic colli-
sions e ciently, leading to the immediate loss of both atomgrom the trap
[146, 149]. Three main exoergic collisional processes in MOhave been
identi ed [149]: the ne-structure-changing collision (FCC) is represented by
A+ A+~ 1T A)(P3»)! A (Pi2)+ A+ Egcc with the energy Egcc
transferred to each atom. Heré and A refer to an atom in the ground state
and in the excited state respectively. For Rb atoms, Ercc=ks 350 K,
thus FCC collisions cause an escape of both atoms from the FORormally
of a few mK deep. For radiative escape (RE), spontaneous esig of a
photon redshifted from the atomic resonance takes place dog the colli-
sion. The process is described b+ A+ ~1 | A, ! A+ A+ ~! %with
an energy of~(! !9 transferred to the two atoms. The resulting kinetic
energy is continuously distributed and the correspondingp$s rate is sensi-
tive to the trap depth. Exoergic hyper ne-changing collisons (HCCs) on
the molecular ground state can also lead to losses. FBRDb, a change from
(5S,; F =2) to (6S1-5; F = 1) in one of the colliding atoms transfers about
Encc =2kg ' 0:16 K to each atom.

A typical way of determining the number of atoms in a trap is toobserve
the amount of atomic uorescence from the trap. When the numér of atoms
N in the trap is small, the amount of detected uorescencé shows clear
discrete behaviour represented by = Nr + b, wherer is the amount of
detected uorescence from one atom, and b the background sei Such
multiple-step uorescence signal has been observed, foraexple, in a MOT
with very a high magnetic eld gradient of 375 G/cm [150] and &ORT with
a focal waist of 5 m [149, 151]. For a much tighter FORT, the uorescence
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Figure 4.4: (a) Typical photocounts of uorescence from theFORT observed with
the avalanche photodiode D2. The photocounts hop between tar levels, signifying
an atom entering and leaving the FORT. (b) The histogram of the photocounts
over a data taking period of 5000 s. The absence of the two-atn peak provides
evidence that there is at most one atom in the FORT at all time.

signal jumps only between the background noise level and agher level
(Fig. 4.4), hinting that there can only be one or no atom in theFORT at
any time [128, 129].

However, the observation of a binary on/o uorescence sigal does not
rule out the possibility that two atoms always enter and leag the trap simul-
taneously. A more conclusive method to show the single atoncaupancy of
the trap is measure the second-order correlation in the uescence from the
trapped atoms. The second-order correlation function [99 ned classically
in terms of the uorescence intensityl (t) is given by

H()I(t+ )i

g?()= o (4.3)

where the angle brackets denote averaging over tinte For any real light
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source correlations always vanish at very long delay! 1  and hence we
have H (t)(t+ )il h 1 (t)ihl (t)i andg® ! 1. At time scales of charac-
teristic intensity uctuations, g®( ) shows deviations from unity. For any
classical light eld, g@® ( ) obeys the inequality [152]

d?(0) 1 (4.4)

and
g?() d?(0): (4.5)

In terms of photon languageg® ( ) describes the conditional probability
of detecting a second photon at a time after a rst one was detected at
t =0 [153, 154]. The resonance uorescence of a single atom & nlassical
because itsg® ( ) violates both Egns. 4.4 and 4.5. After the emission of
the rst photon, the atom is in its ground state and cannot emi a second
photon immediately, i.e. g®(0) = 0. The uorescence from more than one
atom does not show complete antibunching because the enussof the rst
photon from an atom does not prevent the emission of a seconkgbon from
a di erent atom. When the uorescence is collected from a laye solid angle,
the correlation function g,(\lz) from N atoms is related to the single-atong®
by [99, 150]

67()= & d2O)+(N D) : (4.6)

If there are N > 1 atom in the trap, gl(\lz) 0) = % 0:5.

We extract the second order correlation functiorg® () from the u-
orescence of the trapped atom exposed to the MOT beams withetthelp
of detectors D1 and D2 that couple to the atom from opposite dkctions
through the same Gaussian mode (Fig. 4.1). Figure 4.5 showsethistogram
of the time delays between photodetection events at detecsoD1 and D2.
It reveals a Rabi oscillation with 63 MHz and a damping time compatible
with the spontaneous decay lifetime of the 5P state iA’Rb (27 ns). An al-
most vanishingg® (= 0) that is clearly smaller than 0.5 provides further

evidence that we only have a single atom in the trap [86, 1295Q].
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Figure 4.5: Normalized second-order correlation functionversus time delay
between two photodetection events at detectors D1 and D2 (nbcorrected for
background counts) with clear anti-bunching at = 0. The smooth red line is a
t to the data points using a sinusoidal term with a delay-dep endent envelope.

4.4 In uence of external elds on the trapped
atom

Two major sources of external elds experienced by the trama 8’'Rb atom
are the magnetic eld and the FORT light. The magnetic eld canes mostly
from the earth's eld and stray elds from the ion-getter pump. The magnetic
eld at the center of the MOT is zeroed with three pairs of Helrholtz coils to
an uncertainty of 10 mGauss in all directions. The FORT light has a larger
e ect on the atom than the magnetic eld. It causes AC Stark sifts to the
energy levels of thé’Rb atom, and breaks the degeneracy of the hyper ne
states.

In order to achieve maximum scattering, it is necessary to &p the 'Rb
atom in a two-level (gi and jei ) cycling transition. However, uncom-
pensated magnetic elds orthogonal to the quantization asi can cause the
atom to undergo Larmor precession, leading to populationansfer from the
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jgi andjei states to otherjmei, jmeo states. Similarly, ifjgi andjei
(de ned through optical pumping by the probe) are not quasienergy eigen-
states of the atom in the FORT, the population also leaks outfdhe two-level
system. Such population leakage is detrimental especiallyhen the optical
pumping rate by the probe is low.

To minimize the depopulation e ect caused by the external &, we care-
fully zero the magnetic eld at the location of the trapped abm, and then
apply a magnetic bias eld along the quantization axis durig the measure-
ment. We also adopt a right-hand circularly polarized FORT leam along
the quantization axis . In this case, the Zeeman and AC Stark shifts (see
Fig. 4.6) have the same sign on individual (5$; F = 2) hyper ne substates,
breaking the degeneracy of the (5$;F = 2) hyper ne states. This in turn
reduces the depopulation e ect caused by any uncompensategternal elds
perpendicular to the quantization axis.

AC Stark shift

Figure 4.6 shows the calculated AC Stark shift of the (5$;F =2) and
(5P3-,; FO= 3) hyper ne states of the 8’Rb atom under the in uence of a cir-
cularly polarized FORT light of 980 nm wavelength with a traping potential
depth of h 27 MHz (see Appendix A.5 for the calculation of AC Stark shijt
The quantization axis of our system is chosen parallel to theain propaga-
tion axes of the probe/FORT beams such that the polarizatiorof the FORT
eld is right-hand circular. A * probe refers to a circular polarization that
drives the atom fromjg+i to jeti, and a  probe to one driving ajgi to
jei transition. At the center of the FORT, the energies of 5§, states are
lowered by an average af 27 MHz (de ning the trapping potential) with a
small sublevel energy splitting of 1MHz. The 5P;-, levels shift upwards
and are strongly split, forming a repulsive potential. The esulting shifts of
the resonance frequency for di erent transitions can be obsred directly in

we observed that the extinction of the probe drops by a factorof two when using a
linearly polarized FORT eld rather than a circularly polar ized FORT eld.
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Figure 4.6: Predicted AC Stark shift of a 8Rb atom in a circularly polarized
FORT for the parameters mentioned in the text.

a transmission spectrum of a singl&’Rb atom in which the frequency of the
probe is scanned over the resonance frequency of the trapdm.

4.5 Measuring the transmission

Once an atom is loaded into the FORT, its uorescence due to thMOT
beams is detected by detector D2. This triggers the transnsi®n measure-
ment sequence, in which the main steps include:

1. Switching o the MOT beams and the MOT quadrupole coil curent 1,

2. Application of a magnetic bias eld of 2G along the quantization
axis.

3. Waiting for 20ms so that current in the coils stabilizes ah optically
pumping the atom into eitherjg+i or jgi at the same time.

11The quadrupole magnetic eld is switched o to prevent the formation of an atom
cloud in the MOT during the checking process in step 5, therelg avoiding the loading of
a second atom that would result in an immediate loss of both abms.
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4. Recording the photo count:, of the transmitted probe beam for ,
ranging from 130 to 140 ms with detector D1.

5. Switching on the MOT beams to check whether the atom is ditiin the
FORT by monitoring uorescence with detector D2. This proces takes
about 20 ms; if \yes", turn o the MOT beams and repeat step 3 ad
4.

6. Otherwise, recording the photo countsn,, of the transmitted probe
beam with detector D1 for , = 2s without an atom in the trap for
reference.

7. Turning on the MOT beams and quadrupole coil current, and ait for
another atom to be trapped by the FORT.

To avoid the atom being heated up and even kicked out of the FORby
the probe during the extinction measurement, the intensityof the probe is
reduced to a level where the actual photon scattering rate waestimated to
be around 2500s!.

Figure 4.7 shows an excerpt of typical photocounts of detextD2 (green
dashed line) and the gated photocounts of detector D1 (red lgbline) for
an atom trapping event during the transmission measurementThe probe
is never switched o to avoid thermal artefacts in the measw@ment 2. In-
stead, electronic pulses from detector D1 are gated to onlyansmit the
photo-detection events during step 4 and step 6 in the trangssion measure-
ment sequence. The gated photocounts of D1 and photocounts@2 peak
alternately because D1 is gated o when the MOT beams are tued on to
check the presence of the trapped atom, and vice versa. Whéretatom is ex-
posed to the MOT beams, detector D2 res at a rate of 2000-30@0unts s *
with a background contribution of 200-400 counts § 3. With such signal

12The power of the probe uctuates greatly (up to a few ten percent) within the rst
few seconds after it is switched on using an acousto-optic ntulator.

13A small part of the probe beam is re ected by the ber before detector D1 into detector
D2. Detector D2 has a dark count of about 100 s?.
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Figure 4.7: An excerpt of real time photocounts of detector 2 (dashed green
line) and gated photocounts of detector D1 (solid red line) br an atom trapping

event. Dierence in the probe photocounts with (T1) and with out (T2) a 8Rb

atom in the FORT is clearly observed.

and noise levels, it takes about 10 to 30 ms to reliably deteine the pres-
ence of a trapped atom. The count rates of D2 thus appear to benaller
in Fig. 4.7 than 2000-3000 counts $ because the time bin in the gure is
100 ms whereas the atom checking time is only about 20 ms. Theeeage
probe transmissionT 1 when the atom is in the FORT is clearly lower than
the transmissionT 2 when the atom is not in the FORT.

For every atom trapping event, we obtain a transmission vakiT by

T=P 25 (4.7)

where the summation is carried over all contiguous measurent intervals m

for which an atom was found in the trap. The accuracy of eachdnsmission
value T is shot noise limited. We typically obtain an mean transmissn value
T by averaging over about 100 of such transmission values, kageighted
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by 14 P
w= "~ pT_. (4.8)

4.6 Results

We obtain the transmission spectrum of a trapped’Rb atom by scanning
the frequency of the probe over its resonant frequency. Figu4.8 shows
the transmissionT of the probe as a function of detuning from the natural
resonant frequencyl =2 of the jgi to jei transition. The two spectra of a
single®’Rb atom were obtained for the * and  probes, while keeping the
handedness of the FORT beam xed. In this experiment, we use @obe
with incident waist w; of 1.3 mm and a FORT focal waist of 1:4 m. As
expected, the atomic resonance frequency is di erent for ¢ntwo probe polar-
izations. The shifted frequencies agree quite well with thgredictions shown
in Fig. 4.6. The Lorentzian t to the transmission spectrum br the  probe
shows a maximum extinction of 8 0:2% with a full-width-half-maximum
(FWHM) of 7:5 0:2MHz. The * probe gives a maximum extinction of
7.4 0:1% with a FWHM of 9:1  0:3MHz. From the fact that the D2 tran-
sition of 8’Rb has a natural linewidth of 6.0 MHz and that the linewidth of
the probe laser is about 1 MHz, we conclude that an atom expasé the
probe has been successfully kept in a two-level cycling trgition, and it
experiences very small spectral broadening caused by pmsitdependent AC
Stark shift in the FORT. However, the same conclusion canndie made for
an atom exposed to a * probe. A possible explanation is that optical pump-
ing by the * probe is less e ective because the probe frequency resontmt
the jg+i to jet+i transition is further detuned from the resonant frequence
of otherjF =2; mei to jF° = 3; med transitions, whereas the resonance
frequency ofjgi to jei is less detuned from other transitions (Fig. 4.6).
Furthermore, a FORT wavelength of 980 nm forms a repulsive pential for
the 5P;, levels of the®’Rb atom. As the energy ofie+i is higher than that

14The amount of time an atom stays in the FORT varies. Thus the transmission value
T obtained for every trapping event has a di erent uncertainty. We choose a weighting
factor that minimizes the error of T for a xed number of trapping events.
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Figure 4.8: Transmission of the probe beam versus detuningrdm the natural
resonant frequency! ¢=2 of the jgi to jei transition. The absolute photon scat-
tering rate is kept at  2500s ! for every point by adjusting the probe intensity
according to the measured extinction. The solid lines are Leentzian ts.

of the jei , an atom in jet+i experiences a stronger repulsive force from the
FORT on average. As a result, a trapped’Rb atom might be more suscep-
tible to increase of kinetic energy under the * probe, and thus oscillates
more strongly around the focus.

Table 4.1 summarizes the main properties of the measured miEmission
spectra for di erent probe incident waistsw, . Our experiment started ini-
tially with a FORT focal waist wp of © 2 m. When we focused the probe
tighter, we also reduced the FORT focal waist td 1:4 m to con ne the
atom more tightly. At the same time, the power of the FORT ligh was
reduced accordingly to keep the depth of the FORT constant. df the same
w,, the maximum extinction of the probe is always larger than that
of the * probe. Concurrently, the spectral width measured with of th
probe is always smaller than that measured with the* probe. When we fo-
cus the probe more strongly, the maximum extinction of the mbe increases.
However, the FWHM of the transmission spectrum also becomé&sger for
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some unknown reasons. We observe a maximum extinction of 4%. for a
probe incident waistw, of 1.4 mm. Although a higher extinction is to be
expected for a largemv,_, we did not attempt such a measurement for reasons
that would be stated in the next section.

Table 4.1: Summary of transmission spectra of the probe for derent focusing

strengths. wy: incident waist of the probe; wg and wp : estimated focal waists of
the probe and of the FORT respectively using the paraxial apgoximation (Sec-
tion 3.3.4.); and W: maximum extinction value and FWHM of the transmission

spectrum respectively.

probe * probe
w(mm) | we( m) | wp( m) (%) W (MHz) (%) | W (MHz)
0.5 2.23 2.0 238 00371 0.2 N.A. N.A.
1.1 1.01 2.0 72 01 74 02|58 01|88 0.2
1.3 0.86 14 98 02 |75 02|74 01|91 0.3
1.4 0.80 1.4 104 01|77 02|76 01]98 0.3

4.7 Losses and interference artefacts

In this section, we discuss the reliability and the limitaton of the results we
have obtained. We have previously emphasized the importamof collecting
all of the probe in an extinction experiment performed on a 8gle quantum
system because this allows us to directly quantify the scating probabil-
ity with the measured extinction value. However, collectig all of the probe
does not necessarily imply that there is no loss in the trangssion path.
For example, introducing a grey lter in front of the power deector does
not change the measured extinction. However, placing a pirole or a po-
larizer before the power detector to select a certain compemt of the probe
can change the outcome of the measurement completely. Foaexple, if an
atom scatters 1/1000 of a vertically polarized probe, a cactly performed
transmission measurement would reveal a drop of 0.1% in theahsmitted
power when there is an atom in the path of the probe (with or witout a grey

81



Iter in front of the power detector). However, if a polarize is placed before
the power detector such that only a very small potion of the mbe is trans-
mitted, then what the power detector measures is the resultf anterference
between the Itered scattered light and the Itered probe. Rurthermore, if
the eld strengths of the Itered scattered light and probe ae comparable,
one would expect to observe a large “extinction' (not 0.1% asshould be)
when the two elds interfere destructively, and observe aransmission' more
than 100% when the elds interfere constructively’®>. Consequently, it is
important to ensure that the design of the transmission measement setup
does not preferentially Iter more probe than scattered ligt if one wants to
measure the extinction of a single quantum system without sh interference
e ects.

We carefully quanti ed the losses of the probe in its opticgbath to ensure
that our results are free from such interference artefact3able 4.2 shows the
losses of the probe in the transmission channel for di erenhcident waists
w_ we used in the experiment.Tpg is the total transmission from point A
(before the vacuum chamber) to point B (after the single-maal ber and just
before the detector D1) in Fig. 4.1. It ranges from 53% to 62%-or more
detailed characterization, we group the transmission loss into three parts:

1. the loss across the vacuum chamber which includes four oated cu-
vette surfaces and the two AR-coated aspheric lensds,a;

2. the loss from after the vacuum chamber to before the recaig optical
ber which contains two dichroic mirrors, an interference Iter (peak
transmissionT=96% at 780 nm) and a mirror, L gpiics ;

3. the coupling loss into the uncoated single mode ber bef@rdetector
D1, Liper *°.

The losseslyac and Logics are due to re ection except the extra 0.5%
loss ofL4c for larger incident waists, which is due to cutting of the lager

15Such phenomena have been observed in a number of absorptiopestroscopy experi-
ments performed on single molecules and quantum dots [12123, 125, 126].

®Note: Tas = (1  Lvac) (1 Lopics) (1 Lriver ). All reported losses have a
uncertainty of  0:1%.
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probe beam by the aspheric lenses. For the ber coupling lgsabout 8%
is caused by re ection, and the remaining 10-20% loss is due imperfect
mode matching. Therefore, a major part of the transmissiorogses in our
system are due to re ection. Since the scattered eld and th@robe eld

should experience the same re ection loss at each surface are reasonably
con dent that our results are free from interference artefets.

Table 4.2: Transmission losses of the probes of di erent indent waists.

Wi (mm) I—vac (%) I-optics (%) I-fiber (%) TAB (%)
0.5 21.0 5.4 17.3 62
1.1 21.0 5.3 18.2 61
1.3 21.5 54 27.0 54
1.4 21.6 5.3 28.4 53

On the other hand, since we collimate the incident probe wittan as-
pheric lens after the output ber, the diameter of the probe$ limited by the
clear aperture size of the lens (4.95 mm). The incident prolibus resembles
a Gaussian beam whose outer portion has been cut o. As our ieti-
cal model assumes a Gaussian probe, one would expect a certiegree of
discrepancy between experimental results and theoreticptedictions. Fur-
thermore, when the coupling loss into the ber becomes largelue to such
mode mismatch, our results would become more susceptibleitterference
artefacts.

4.8 Comparison with theoretical models

We emphasize that the highest extinction of 10.4% observedrfa probe
with an 800 nm waist at the focus is large when compared to results
reported from experiments performed on single moleculescaguantum dots
[124, 125, 126, 127]. There, the excitation light eld was thier con ned by
a small aperture of 100nm [124, 125], or focused using solid immersion
lenses [126, 127] that provide much tighter focusing than pease. In all
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Figure 4.9: Comparison of measured extinctions to scatterig probabilities pre-
dicted by paraxial approximation (Eqn. 3.39), spherical wave front with polariza-
tion correction (Egn. 3.34), and parabolic wave front (Eqn. 3.24).

these experiments the quantum systems were embedded intangdex solid
state host environments which complicates the theoreticéteatment of light

scattering. In contrast, the conceptual simplicity of our gstem and the fact
that we directly measure the extinction of the probe beam allvs a clean
comparison with existing photon-atom coupling models [1,58 112].

One of the models that closely describes our experiment wasegented
by van Enk and Kimble [1]. It considers a monochromatic and ularly
polarized Gaussian beam focused by a thin ideal lens onto ackhevel atomic
system. Estimations based on that model gave a very dim outé& on the
e ectiveness of coupling light to an atom using a lens. Our @erimental
results clearly falsify their predictions. As it turns out,two approximations
used in their model (parabolic wave front after the lens, andio change to
the polarization of a light beam passing through the lens) lsagreatly un-
derestimated scattering probability for stronger focusig. Dropping these
approximations, we nd (with otherwise the same methods) tht a much
higher scattering probability can be achieved using this cpling scheme.

84



Figure 4.9 shows the maximum extinctions of the probe for various
incident waists together with the scattering probabilities predicted by various
models discussed in Chapter 3. Note that the measured extiitn is not
identical to the scattering probability. For our experimenal parameters,
the extinction is typically a few percent smaller than the atual scattering
probability (See Section 3.1). Except for the data point atvg, = 0:5 mm
which can be well explained by both models, the other data pus lie well
above the prediction using van Enk's model, but below the pdéction of our
extended model (Section 3.3.3). It is reasonable that the msured extinction
is lower than the predicted values using our extended model £') since the
aspheric lens is not ideal, and the atom is not completely dtanary at the
focus. The deviation of the experimental results from theetical predictions
gets larger as the incident waist increases. We conjecturefew possible
explanations for this phenomenon:

1. Our model assumes a Gaussian probe that is focused by anaidens
such that the eld after the lens has a spherical wave front. blvever,
as the incident waist of the probe increases, two deviatiorisom our
theoretical model occur: (i) A larger portion of the probe iscut by
the aperture of the collimating lens (Section 4.7), causintpe probe to
further deviate from the Gaussian; (ii) A real lens typical introduces a
larger abberation to a focusing eld at positions further away from the
lens axis. This e ect translates into a larger deviation frm a spherical
wave front for a larger incident waist, and therefore a smat eld
amplitude at the focus compared to that when using an ideal hs.

2. Increasing the incident waist makes the probe focus tight, thereby
stronger con nement of the atom is required. Inadequate camement
of the atom is one reason why extinction values smaller tharrgdicted
are obtained. However, the motion of the atom alone cannot pbain the
50% reduction in the observed scattering probability. Forhe tightest
probe focusing we usedwi = 1:4 mm), we estimated that the mo-
tion of the atom reduces the scattering probability by lesshian 20%
(Appendix A.7).
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3. Another possible reason is that the model we used is incol@ig. One
assumption in our model is that the presence of the atom doe®tn
alter the properties of the eld at the focus!’. This assumption should
work well when the photon ux of the incident probe is large [Q1].
However, when the photon ux (or eld intensity &) of the probe is
very low *® and when the focal waist is small, the presence of the atom
might have a signi cant in uence on the focal eld. To make the points
clearer, let us consider a small spherical glass bead with efractive
index n, and a diameter of 1 m. If we place the glass bead in a 780 nm
light beam with a focal waist of 100 m, the propagation of the light
beam can be described well without considering the e ects tife glass
bead. Now, if the light beam is focused down to a focal waist &f m,
and the glass bead is placed at the focus of the light, the pragation
of the light beam through the focus can no longer be describeding
source-free Maxwell equations. Under this situation, thelass bead
would act as a lens, and it would re ect or scatter part of thencident
beam. The overall e ect is that the eld seen by the glass beathust
be di erent from that at the focus when there is no glass beadComing
back to the atom, it is true that a single atom does not have a feactive
index and its size is much smaller than 1m. Nevertheless, when the
atom is exposed to a resonance light eld that is weak compateo
its transition saturation intensity, it has a scattering cross section on
the order 2. The fact that a single atom can scatter 10% of the
incident light suggests that a single atom acts like a Im glass bead
when the eld frequency is close to the resonance. As suchgetie is a
strong reason to believe that the eld experienced by the ato under a

"We calculate the eld at the location of the focus using a set ¢ eld modes that
satis es the source-free Maxwell equations.

BWe do not know for sure which quantity matters most for the following problem.

¥1n our experiments, the photon ux of the probe ranges from 2k to 80k photons s !,
much smaller than the spontaneous decay rate of the Rb atom. The intensity of the
probe at the FORT is on the order of 0.1% of the saturation intensity.

86



strongly focused but weak eld?° cannot be described using source-free
Maxwell equations. Instead, mutual in uence between the kl and the
atom must be considered to correctly quantify the scatterig of the light
eld by the atom. Having said that, we note in passing that saling
the eld and atomic evolution without neglecting the mutual e ects on
both the atom and the eld is a mathematically intractable problem
for an atom in free space [101]. In any case, it would be intstang to
see how our predictions is changed by considering the mutualuence
between the atom and the eld.

4.9 Conclusion

In conclusion, we experimentally observed a substantial &xction (up to

10.4%) of a weak coherent light eld by a singl€’Rb atom through focusing
the light beam using a lens. As our measurements is free frontarference
artefacts, the measured extinction values set a lower bound the scattering
probability of the probe by an atom in free space. We thereferconclusively
show that substantial interaction between a light beam and aingle atom is
possible without a cavity. The strong interaction of the aton with a " ying'

qubit suggests using the atom as a mediator for photon-phatdnteractions,
thus pointing in a new direction for implementing photonic gantum gates.

20°strongly focused' and “weak' are not contradicting each dier. 'Strongly focused'
refers to a tight focal spot. A strongly focused weak eld canbe created by reducing the
incident power of the probe.
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Chapter 5
Outlook and open questions

We have shown experimentally and theoretically that strongnteraction be-
tween light and a single quantum system can be achieved by msing light
with a lens. In particular, we have observed a 10.4% extincin of light
by a single® Rb atom by focusing the light beam using an aspheric lens of
0.55 NA. We believe that a much higher extinction/scatteriig probability
will be observed by focusing the probe more tightly using arle with a larger
NA.

We now consider the implications of our results for quantumnforma-
tion transfer. Is the 10.4% scattering probability we meased equivalent to
10.4% of the photons transferring quantum information to te atom in our
experiment?

Unfortunately, the answer is no. First, to complete meanirfgl informa-
tion transfer, the information receiver should be able to stre the quantum
information for a period of time, whilst allowing during this time for the
information to be measured or retrieved. Since we are pumpgjrthe 8’Rb
atom using continuous-wave coherent light, there is no waytknow when
the atom is in the excited state due to the randomness introded by spon-
taneous emission. In this case, one cannot know when to théarmation is
accessible even if quantum information in a photon is transfed to the atom
before every scattering event. Second, meaningful infortia should consist
at least of two di erent results. Information that has only one outcome has
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Figure 5.1: (a) Energy structure of the 8’Rb atom used in our light extinction
experiment, not suitable for encoding the polarization stde of the probe photons.
(b) Ideal level scheme for encoding polarization state of pbtons.

no information value. In our experiment, the polarization 6the probe is
either right-hand or left-hand circular, and not an arbitrary superposition of
both handedness. As a result, th&’Rb atom is always excited to the same
state in any set of the experiment. As such, no meaningful imfmation has
been transfered to the atom in the experiment.

To make our system more applicable to quantum information &mnsfer,
we can choose a quantum system that has a more suitable enesgfcture
for quantum information transfer. For example, if we want toencode the
polarization state of a photon, we require a quantum systemith a level
scheme shown in Fig. 5.1(b). In this level scheme, the groumsthte jgi is
non-degenerate, and there are no other relaxation channdts the excited
states (eli and je2i) except dipole transitions tojgi. In this case, the atom
can be excited to a superposition ofeli and je2i states depending on the
polarization of the incoming photon. This quantum system aathus be used
to store quantum information from a photon.

Another obvious improvement is to replace the weak cohereptobe with
real single photon pulses, ideally single photons that canebcreated on-
demand [91, 92, 93]. By adopting such light sources, one caeasure deter-
ministically the atomic state after the pulse excitation. tleally, one should
create a single photon pulse whose spatial and temporal ptes match the
respective atomic dipole emission in order to achieve a highsorption proba-
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bility. This idea is motivated by considering photon absorpon as the reverse
process of spontaneous emission [85] (Section 3.2.1).

However, there is no concensus on whether spontaneous eimisss a
reversible process. Sondermann et al. [85] argued that theversibility of
the spontaneous emission process can be inferred from thetfthat the
Schredinger equation is invariant under time reversal foa closed system with
a Hamiltonian without any explicit time dependence. Howeveit is not clear
if the “closed system' can include the in nitely many vacuummodes which
causes spontaneous emission of an atom in free space. RégeRobert
Alicki [155] claimed that by using an exactly solvable modedf the Wigner-
Weisskopf atom, an unstable quantum state cannot be compd#dy recovered
by the creation of the time reversed decay product state.

Let us consider a Gedanken experiment in which one createsime re-
versed replica of a spontaneously emitted photon, and fo@ssthis single
photon wave packet onto an atom in the ground state. If sponteeous emis-
sion is reversible, the atom is in its excited state with absate certainty after
the wave packet fully “passes' the atom. In this sense, the veapacket is a
single photon -pulse. As a rule, if a -pulse transfers an atom from the
ground state to an excited state with a spontaneous decaydtfme of , it
should have a pulse length much shorter than. This requirement is to avoid
spontaneous emissions during the application of the pulse the atom since
spontaneous decay events reduce the delity of the-pulse. On the other
hand, the spontaneously emitted photon wave packet has a gel length on
the order of [98]. Therefore,if spontaneous emission is reversible, one has
a -pulse with a pulse length of and a delity of unity. Is this possible?
What prevents spontaneous emission from occurring durindné application
of the single photon -pulse?

Is spontaneous emission really reversible? If it is not, whe the max-
imum absorption probability of a single photon pulse by a sigle atom in
free space? By achieving stronger atom-light interactionsing a lens with
a larger NA, we may be able to quantitatively disprove certa atom-light
interaction models with our current setup.
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Appendix A

A.1 A two-level system in monochromatic ra-
diation

A two level system under the in uence of monochromatic radieon has been
discussed in great detail in many textbooks [95, 99, 100]. tde we consider
circularly polarized radiation which corresponds to our gperimental setup.
We start with a single-electron spherically symmetric twdevel atom with
an unperturbed Hamiltonian Hy and energy eigenstateg ;i andj ,i that
satisfy
Hoj if = ~!ij ii: (A1)

Neglecting spontaneous decay, the interaction between tatom and incident
monochromatic radiation can be modeled by an interaction Hhailtonian (un-
der the dipole approximation)

H, = er E(t); (A.2)

where + is the position operator, E(t) is the time-dependent electric eld
strength at the location of the atom, ande=1:6 10 !° C. In particular, if
the external radiation is of the form

E(t) = FI)E—% [cos(t )% + sin(!'t )¥]; (A.3)



the interaction Hamiltonian becomes

eEO il eEO il
H = —r " —r,e™ A4
=5 > (A-4)
wherer = (X iy):p 2. Note that by writing the interaction Hamiltonian

as a product of the dipole operator and the external eld, wenplicitly
neglect any modi cation of the incident radiation due to itsinteraction with
the atom [95].

The atomic statej i satis es the Schredinger equation:

: i .
I~@@t =(Ho+ H))j i: (A.5)
Expanding the atomic state as
joi= ()] et + ct)j Jde " (A.6)
we obtain?
ic, = G d oyt MjeEor j2i +e ig+10 Nl €eEorsj2i ; (A7)
~ 2 2
ic, = % ei(!+!o)thzjeE;r jli +e i !o)thzj eonhjli ’ (A.8)

where!o =1, 14, andj ji is written as jji for simplicity. In the case

where the radiation has frequency close to the resonance !ag such that

o 'j 1o, the terms with (I + ! ()t oscillate very fast compared to the
terms (I ! )t and therefore average to zero over any reasonable interacti
time (rotating wave approximation), leading to

i = el 't _;

-l 2 2

ic, = ge 't tot - (A.9)
Yhjjr j ;i =0 because of symmetry.
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where the Rabi frequency is de ned by

Eohljer j2i

(A.10)

The solution of Eqn. A.9 basically shows that the atomic sta oscillates be-
tween the ground state and the excited state with the e ectig Rabi frequency
0= 2+ (1 o)
By incorporating spontaneous decay into the system [95, 9900], it can
be shown that the upper state has a steady-state populatiohge probability
that the atom is in the excited state)

_ j j*=4 .
2= 31 =g+ 2= (A.11)
where = I o is the detuning of the radiation from the resonance. is
the spontaneous decay rate of the upper state such thag, = 22 in the

absence of external radiation. The rate of spontaneous dgdeom the excited
statej2i to the ground statejli is determined by the electronic wavefunctions
of the two relevant states by?

I 3jhljer j2ij2

3 (A.12)

where ¢ is the permittivity of vacuum. The average optical power sdgered
by the atom is given by
Pse= 22 ~I (A.13)

If the frequency of the external radiation is resonant with lie transition
frequency, and is weak compared to the saturation intensit{i.e. ),
the power scattered by the atom becomes (using Egns. A.13,1A, A.11 and
A.12)
3oC 2E2

Psc = 2

(A.14)

2Eqn. A.12 can predict the decay rates of the hydrogen atom's tansitions accurately.
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Scattering Cross Section

The scattering cross section, of a two-level system exposed to a monochro-
matic plane wave is de ned by [100]

P
%; (A.15)
wherel is the intensity of the plane wave. For a circularly polarize plane
wave described by Eqn. A.3,

1
| = > oCEZ: (A.16)
As the maximum scattering cross-section is achieved when and j j :

we can use Egns. A.14, A.15, and A.16 to obtain

(A.17)

3 2
max — 2—:

Although we adopt the semi-classical approach here, Eqns.14 and A.17
are identical to that obtained with the quantized- eld verdon [95]. This is
because one needs to ignore the in uence of the atom on thehligeld in
order to arrive at an analytical description of the atom in fee space [95].
This assumption is identical to that adopted intrinsicallyin the semi-classical
approach.
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A.2 Numerical Integration of

To obtain the expansion coe cient  in Eqn. 3.35, we need to perform the
following integrations numerically:

Zl
pi 2
lp = d p L4COS  jik yexp k(. Z¥fZ f) .
20 cos 2 W
! sin ] ¢ J— 2
I, = d p— P= ik )exp ik( 2+f2 f) — ;
20 cos 2 W¢
! cos 1 ¢ 2
= a) i 2 2 .
[P ) d Pe—c > Jo(ke exp ik ( + f f) W
P —— . P ——
where cos = f= f2+ 2andsin = = f2+ 2

The integration consists of two oscillating parts: the Besd term and the
exponential term. Integrating such a fast oscillating funiion is non-trivial.
For example, Mathematica 5 was not able to handle the abovet@gration e -
ciently and reliably for our experimental parameters. We entually adopted
a fortran subroutine package "quadpack.f90' (subroutineame: gage) [156]
to perform such integrations.

Owing to the damping term exp( 2=wf) in the integrand, we only in-
tegrate from =0 to 5w, to achieve a small residual error. The results are
required to have a relative error of less than 16 in the program.

Figures A.1, A.2 and A.3 show the real part ofg, |1, and |, respectively
as a function ofk;=k. The values shown were computed with =4:5 mm,
w, =2mm,and =780nm. |y, |1, andl, exhibit oscillating behaviour (see
insets). The oscillation frequencies become larger for ¢gar k;. One has to
make sure that su cient number of points are computed in eacloscillation
in order to interpolate  correctly. To do this, we typically performed 2
80k numerical integrations for eacH, (real and imaginary parts computed
separately). The computations were done in parallel on a cqmuter farm
with 32 CPUs (Intel(R) Xeon(TM) CPU 2.80 GHz). Each data poirt in
Fig. 3.6 takes a few ten minutes to half a day to compute, with #&onger
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Figure A.1: The real part of 19 as a function of ky=k for the parameters stated.
There are 80000 points in this graph. The inset is a zoom-in ofhe graph near
ki=k = 0:75, showing the fast oscillating nature oflg. The scales of the x- and y-
axis of the inset are identical to those of the main graph.

computation time for largerw, 3.

3The author gratefully acknowledges the assistance from Fligan Huber for optimizing
the integrating algorithm and writing the codes for multi-p rocessor computing. Without
his help, such beautiful results would not be possible.
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Figure A.2: The real part of I; as a function of ky=k for the parameters stated.
The inset is a zoom-in of the graph nearki=k = 0:2. The scales of the x- and y-
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Figure A.3: The real part of |, as a function of ky=k for the parameters stated.
The inset is a zoom-in of the graph neark;=k = 0:6. The scales of the x- and y-
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axis of the inset are identical to those of the main graph.
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A.3 Energy levels of the
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Figure A.4: Partial Grotrian diagram for Rb atom with dipole -allowed transitions
to the 5S,-, and 5P;-, states. The wavelengths of the transitions are shown in

nanometers.
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A.4 The D1 and D2 transition hyper ne struc-
ture of the 8Rb atom
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Figure A.5: Hyper ne structure of the D1 and D2 transition fo r the 8’Rb atom,
with frequency splittings between the hyper ne levels. Thetransitions we used for
the MOT are shown.
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A.5 AC Stark shift

General discussion on time-dependent perturbation theorgnd AC Stark

shift can be found in [157, 158]. Here we consolidate the farla and as-
sumptions we used to predict the AC stark shift of #’Rb atom exposed a
circularly polarized light. Starting from Eqgn. A.2, the interaction Hamilto-

nian describing the interaction between a monochromaticght and an alka-

line atom can be written as

Ht)= V. (e ™ +V (pe": (A.18)

where the actual form ofV () depends on the polarization of the eld.
Using second-order time dependent perturbation theory, thAC-Stark shift
of a hyper ne subleveljF; mri is related to other hyper ne sublevelgF & mgoi

by

( )
X JPEimeV (BJF S med | jhF; mejVa (9)iF % M 2
~('r  lEotl) ~('r lro 1) '

(A.19)

E(F;mg)

Fomeo

where~! r.ro refer to the energies of the unperturbed states.

For a FORT that is circularly polarized along the quantizaton axis as
adopted in our experiment (Chapter 4), we have

ek
V(9= 7°r ¥ (A.20)
: N .

according to Eqn. A.4, wherg ;= (x iy)= 2andrg = z. Asthe energies
of various atomic states-! o are typically well-known, the task of calculating
the AC-Stark shift reduces to determining the dipole matrixelements

hF; mejergF % meoi: (A.21)

To calculate these matrix elements, it is useful to factor duthe angular
dependence and write the matrix element as a product of a Wign3j symbol,
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a Wigner-6j symbol, and a reduced matrix element

p
FimejergFSmed = Wjiediad( 1)°""5 ™" @F + D2F0+1)
FO1 F 3 J3%1
0 ; (A.22)
Meo 9 me , F°F 1 o

where J; J° are the ne-structure total angular momentum (spin+orbital)
quantum numbers for thejF% mgdi, jF% mgd states respectively, and is
the nuclear angular momentum quantum number [99, 158]. Theeduced
dipole matrix element between) and J° states can be obtained from the
spontaneous radiative lifetime via the expression [99]

3
e e Iied (A.23)
with 1o = jl ;o !;j. Note that, jhdjjetjjJ%j? = jhIYjesjdij? in the above
equations butJ?in Eqn. A.23 should be that of the higher energy state.
According to Egn. A.23, evaluation of the AC-Stark shift reqires the
knowledge of the radiative lifetimes (or the oscillator sengths) of all allowed
dipole transitions to the jFi state. Since the relevant oscillator strengths are
fully available for the 5S-, ground state, and not for the 5R-, state of Rb
atom [159, 160], the AC Stark shift for the ground states canebdetermined
more accurately than that of the excited states. To obtain tb AC-Stark shift
of the 5P;-, states as shown in Fig. 4.6, we have made used of the known
radiative lifetime of the 5P;-, to the 55—, state (26 ns), and assumed that
the radiative lifetimes from other higher energy states tohte 5P;-, state are
10 to 100 times longer than that of the 5B, to the 5S,-, transition. Varying
the radiative lifetimes does not change the overall energyrgcture presented
in Fig. 4.6 signi cantly but it does a ect the accuracy of the prediction.
Note , we later found a more complete database that provides modtthe
signi cant oscillator strengths for the 5P;-, state [161]. However, the results
obtained using the oscillator strengths provided thereinrad Eqn. A.19 were
not able to explain our measured resonance frequencies. Elexplicitly, the
ratio of the resonance shifts forthe " to  probe was measured to be36
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0:05 (see Fig. 4.6), whereas the oscillator strengths given database [161]
predict a ratio of 1.824.

Of course, the discrepancy between the measured resonaniits and
the predictions can possibly be caused by the inaccuracy &t second order
perturbation theory since the calculated perturbation carbe as large as half
of the 5P, hyper ne splittings for our experimental parameters. In ag case,
our current setup could provide an alternative for measurmn the oscillator
strengths of the®’Rb atom (see Appendix A.6).

4We have chosen to compare the ratio of the resonance shifts reebecause we did not
measure the dipole trap depth in our setup. Based on the estimtion obtained using the
waist and optical power of the dipole beam measured outsidehte vacuum chamber, we
expect the dipole trap depth to be around 1 mK to 1.3 mK. The ratio of the resonance
shifts is independent of the trap depth according to Eqn. A.19.
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A.6 Measuring the oscillator strengths of the
Rubidium atom

Our setup has the potential to allow measurement of the unkmen oscillator
strengths of the atom. First, we note that the AC Stark shift d a particular
energy state is mostly determined by the oscillator strens of a few dipole-
allowed transitions. These transitions either have largevscillator strengths
or transition wavelengths close to that of the external eld(Egn. A.19). In
principle, if we want to measureN unknown oscillator strengths connected
to the 5P5-, state, we can repeat our absorption measuremenits times us-
ing FORT light of di erent wavelengths. However, practicaly speaking, one
needs to be able to determine the intensity of the light eld aithe location
of the atom accurately. This is only possible if one has fullnowledge of
the eld distribution in the FORT and a very well calibrated p ower meter.
For a tightly focused FORT as in our experiment, determininghe eld dis-
tribution in the FORT can be challenging. Fortunately, this problem can
be circumvented by measuring the resonant frequency shifté two or more
di erent transitions in the atom, since the ratio of the resonant-frequency
shifts is independent of the intensity.

A detailed proposal for measuring the oscillator strengthsf the 8’Rb
atom using our current setup is as follows:

1. Measure the resonant-frequency shifts of thg+i to jeti transition
( f.), and of the jgi to jei transition ( f ) for a FORT wave-
length. The ratior = f,.= f depends only on the known oscillator
strengths related to the 5S state, and some unknown oscilatstrengths
related the 5P;-, states (Egn. A.19).

2. Repeat the previous stepN times using FORT of various wavelengths
to get N ratios. Solving theN ratio equations gives theN unknown
oscillator strengths. Ideally, the more ratiog are measured, the more
accurately one can determine the oscillator strengths.

This proposal assumes that the AC-Stark shift of the atom cabe pre-
dicted by time-dependent perturbation theory to the secondrder (Egn. A.19).
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If the AC-Stark shifts are comparable to the hyper ne splitings of the atom,
Egn. A.19 may break down and more sophisticated calculatisrwould be
required to correctly predict the energy shifts. In any casethe principal
idea on how to measure oscillation strengths with our currérsetup should
still work.

104



A.7 E ects of atomic motion on the scatter-
ing probability

The theoretical scattering probabilities shown in Fig. 3.6and Fig. 4.9 were
obtained by assuming that the atom is stationary at the locabn where the
probe eld is strongest. In the experiment, however, the ato has a nite

temperature and oscillates in the FORT. As the atom wobblesraund in

the FORT, it experiences a varying probe intensity. Since # scattering
probability is proportional to the intensity of the probe sen by the atom,

the e ective scattering probability should be averaged ovehe motion of the

trapped atom. Nevertheless, tracking the motion of the atorm the FORT is

non-trivial for an asymmetrical FORT. Figure A.6 shows the ptential of the

FORT, and the “inverted' normalized probe intensity in the 6cal plane (left)

and along the lens axis (right). The probe intensity distrilntions shown in
this gure are computed using Eqn. 3.34 for the tightest prob focus used in
our experiment (v, = 1:4 mm), whereas the FORT potential is calculated
using the paraxial approximation for a focal waist of 1.4 m.

To estimate the e ective scattering probability, we need toknow the
temperature of the atom in the FORT. However, we have not yet easured
the temperature of the trapped atom. We would assume that theemperature
of the atom is about 100 K, guided by the measurements of similar setups
in other groups [129, 147]. For such temperatures, the atonsallates near
the bottom of the FORT potential, a region where the FORT and pobe
intensity distributions can be well described by parabolidunctions, both
along the lens axis and along the radial direction (Fig. A.6)

For simplicity, we now consider the atom as a one-dimensidniaarmonic
oscillator. We would start by considering a scenerio wherenatom of mass
m is oscillating in a harmonic potential described byJ(x) = kx?=2, with an
oscillation amplitude A and an oscillation frequencyl ¢ = k=m. We fur-
ther express the normalized probe intensity ak,(x) =1  bx?. The average
normalized probe intensityl » experienced by the atom, weighted by the time
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Figure A.6: Potential of the FORT, and the “inverted' normal ized probe intensity
in the focal plane (left) and along the lens axis (right), conputed for the probe
parameters stated. The depth of the FORT potential is about kg 1:3 mK. The
temperature of the atom in the FORT is assumed to be around 0.1mK.

the atom spends in di erent positions, is given by

dx —p——————=1 DbA’>=2; (A.24)
A A1 (x=A)?

|/_\=

Z Z
3 Adxlp\(/x): A 1 bx

A

wherev = dx=dtis the velocity. The amplitudeA is related to the maximum
speed of the atomv®in the harmonic potential by v°= ! ¢ A. This leads to

Ia(V) =1 Dbv®=22: (A.25)

Equation A.25 shows the average (normalized) probe intehsiexperi-
enced by the atom with a total energy omv®=2. On the other hand, atoms
with a temperature T have a speed distribution governed by the Maxwell-
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Boltzmann law °. Therefore, the e ective scattering probability is given ly ©

) 5 12 o 322 ® #
P = Psc  — — dvA Av®exp
T o e
3bks T
Psc(1 T) (A.27)

For a FORT depth ofkg 1:3 mK and a FORT beam waist ofwp = 1:4 m,
the “spring' constantsk arek, =9 10 !® N/m along the longitudinal di-
rection andk = 3:65 10 * N/m along the radial direction (Section 4.2
(FORT)). The coe cients for the parabolic functions descrbing the probe
intensity distribution are b, = 0:078 m 2and b = 2:44 m 2, obtained
by tting the probe intensity distribution shown in Fig. A.6 . By assuming a
temperature of 100 K for the atom in the FORT, we obtain e ective scatter-
ing probabilities pS{ @ = 0:82p. and pS! ’ = 0:86py. for an atom oscillating
along the longitudinal and the radial direction respectivy.

As a result, we conclude that the reduction of the scatteringrobability
caused by the motion of the atom in the FORT is estimated to besks than

20% for the strongest focusing of the probe beam in our expaent.

5The motion of the atom in the FORT is governed by classical mebanics because the
average kinetic energy of the atom is much higher than-! ¢ in our case.

8Although we consider a 1D-oscillator when deriving Eqn. A.5, we now use a speed
distribution for a free atom moving in a three-dimensional pace. Should we insist that
the atom is only moving in a one-dimensional space, Eqn. A.2becomes

Psc = Psc(1  bkg T=2Kk): (A.26)
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A.8 Setup photos

Figure A.7: Photos of the single atom trap setup.
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A.9 Band gaps of various semiconductors

Table A.1: List of band gaps of some semiconductors [48, 162]The symbols D
and | refer to direct or indirect band gap respectively. Quartum dots fabricated

using semiconductor with the symboly have lowest energy transitions falling con-
veniently within the visible optical regime.

Material Symbol | Band gap (eV)@300 K D/I
Silicon Si 1.11 I
Germanium Ge 0.67 I
Silicon carbide SiC 2.86 I
Aluminum phosphide AlIP 2.45 I
Aluminium arsenide AlAs 2.16 I
Aluminium antimonide | AISb 1.6 I
Aluminium nitride AIN 6.3 D
Diamond C 55 I
Gallium(lIl) phosphide | GaP 2.26 I
Gallium(lll) arsenide GaAs 1.43 D
Gallium(ll) nitride GaN 3.4 D
Gallium(ll) sul de GaS 2.5 D
Gallium antimonide GaSb 0.7 D
Indium(I1l) phosphide InP 1.3% D
Indium(l1l) arsenide InAs 0.36 D
Indium antimonide InSb 0.17 D
Zinc sul de ZnS 3.6 D

Zinc selenide ZnSe 2.7 D
Zinc telluride ZnTe 2.25 D
Cadmium sul de Cds 2.42 D
Cadmium selenide CdSe 1.73 D
Cadmium telluride CdTe 1.49 D
Lead(ll) sul de PbS 0.37 D
Lead(ll) selenide PbSe 0.27 D
Lead(ll) telluride PbTe 0.29 D
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A.10 Conservation of energy

The total eld can be expressed as the superposition of two lés:
Ei(¥) = Ein(f) + Es(9) : (A.28)

For a weak on-resonant excitation eld, the scattered eltEs. is given by [95]

3E ekt =2) h@

i
Kr o (G P (A.29)

Es(¥) =
whereris the unit vector along+ = r(sin cos; sin sin; cos ), and 8 =
’—*ﬁ% for a circular-polarized eld. The =2 phase re ects the fact that the
dipole moment of the atom lags the eld experienced by the ato E, by a
phase of =2 at resonance. For clarity of the expressions, we now assume
that the atom is at the origin O as opposed to that adopted in Chapter 3.
We now adopt an incident eld Ej, given by

En(;;z = f) = p .EL | cos , simel ,,  cos 1a,
jcos j 2 H 5 2|
P ——
exp  *=wf exp i(k 2+f2 =2) ;  (A30)

which is basically identical to Egn. 3.34 except thaE, (de ned in Egn. 3.5)
is included, and the Gouy phase of= 2 is shifted from the focus (Eqgn. 3.50)
to the eld at jzj = f so that the electric eld amplitude at the focusEp =
Ein(O) is a real number. Note that, in Eqn. 3.34, < < = 2, whereas here
is the polar angle from the +*direction.

In order to verify that Eqn. A.28 conserves energy despite éhfact that
no direct “depletion’ of the input eld Ej, has been introduced [113, 114, 115,
111], we consider the energy ux crossing the= f plane and compare it
to the ux crossing the z =+ f plane. The time averaged energy ux across
a surfacesS is given by

Us=- X < E B dA (A.31)
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wheredA is a di erential area element of the surfac& and <(x) denotes the
real part of X. Inserting Eqn. A.28 into the above equation yields

Z
002 n (6]

Us = 2 S< Ein Bint Esc Byt En Byt Esc Bj,

dA
Note that in the far eld limit, Biysy = Kinsg  Einse =G where Kise is
a dimensionless unit vector parallel to the local eld propgation direction,
and c the speed of light. Furthermore, before the focus we hakg. =  Kin,
whilst after the focus we havef%sC = Qin. With these eld properties, we arrive
at
Z
Ups t = — R 2

n = f o)

< Em Eln ESC ESC+ ESC Eln Em ESC dA, (A.32)

where we have also used the condition that the light elds argansverse, i.e.
Qin Em = O and Qm ESC = O.

Using Egn. A.30, the rst term in Eqn. A.32 gives

n (0]
< Ein E, kn 2dA (A.33)

0 CE 2W? = Py ; (A.34)

Uz: f;in

_oC
2 z=

which agrees with Egn. 3.6. Using Eqgn. A.29, the second term Eqn. A.32
gives

R n (0]
U fse 2 < Es Eg Kin 2dA (A.35)
= 20¢ B - Pu. (A.36)
where Pg. is de ned previously in Egn. 3.9. On the planez = f, the

last two terms in Egn. A.32 has no contribution to the integréion since
Es Ein Ein E. is an imaginary number. On the planez = + f, the
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last two terms in Egn. A.32 give

R n 0]
Uz:+f ;int %C 7= f< Esc Ein+ Ein Esc Qin 2dA (A-37)
PR, ¢ pfz—z
= 2 OCEZ/?<EL . 01 ((f+2+ 2);:4 ) eXp( é)d . (A38)

The negative sign, which comes from both the Gouy phase in thecident

eld (Egn. A.30) and the phase di erence between the dipolerad local eld

(Eqn. A.29), reveals that the scattered light and the incidet light interfere

destructively after the focus [111]. This integral is of thesame form as that

of Egn. 3.49 and can be evaluated in the same way as Eqn. 3.%ding to
3oC %E2

Upzst int = 47 = Py (A-39)

As a result of Equations (A.34), (A.36), and (A.39), the totd energy ux
owing across thez= f andz =+ f surfaces are both

P
Uy- ¢ = P 7“: (A.40)
This con rms that no extra energy is generated by directly ading the the
scattered eld to the unattenuated incident eld (Eqn. A.28), even when the
scattering probability is great than 1. Note that at the limit, Ps. = 2Pj,,
U,- ¢+ = 0. This means that all incident power is re ected back by the

two-level system [111].
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