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1 Introduction

When the thermal motion of atoms and molecules becomes slower, a variety of
quantum-mechanical phenomena, such as superconductivity and superfluidity, be-
come available for investigation and use. Whereas ordinary cryogenic methods
provide cooling to temperatures in the range from a few K down to about 100 mK,
laser cooling of gaseous atomic samples moves the temperature limit below 1µK.
At these temperatures, the de Broglie wavelength of the atoms is so large that op-
erations and tasks familiar from ordinary light-wave optics can be performed using
atomic matter waves. Research work on laser cooling and trapping started in the
1970s. By the end of the 1980s, there had been an explosion of interest in this field
that culminated in the award of the Nobel Prize in Physics in 1997. Shortly after
this, in December of 2001, the Nobel Prize was again awarded to researchers in this
field for the achievement of Bose-Einstein condensation (BEC), which has been the
most significant and spectacular application of laser cooling and trapping so far.

The first steps in the manipulation of theinternal degrees of freedom of atoms
and molecules with an electromagnetic field were taken by I. I. Rabi, who, in 1938,
introduced an apparatus to coherently control the magnetic states of particles with
radio-frequency radiation [1]. Rabi’s atomic-beam method was further developed in
1949 by N. Ramsey to allow the use of quantum interference between two internal
atomic states [2]. The invention of this first atom interferometer formed the basis
for atomic clocks with extraordinary precision and accuracy. Extension of Ram-
sey’s method to the optical domain would provide improvement of the accuracy by
several orders of magnitude. However, fruitful experiments in this direction could
start only in the 1970s with the development of narrow-band tunable lasers [3,4].

In regard to manipulation of theexternaldegrees of freedom of atoms, the 70’s
were a turning point, as laser radiation was shown to be an efficient means to de-
flect [5–7], diffract [8, 9], as well as trap [10–12] and cool [13–16] neutral atoms.
The research work initiated by these first results eventually led to the invention of
the magneto-optical trap (MOT) [17], which is nowadays the most widely used tool
for trapping and cooling atoms. In 1995, by using a MOT and applying the evapora-
tive cooling, first described by H. F. Hess in 1986 [18], Bose-Einstein condensation
of a gas of87Rb was for the first time observed in an experiment [19]. This new
state of matter, predicted 70 years ago by Bose and Einstein, had become a part
of reality. This event resulted in an explosion of research activity in the field of
quantum-degenerate gases. BECs of23Na [20] and7Li [21] were obtained in the
same year. Afterward, in 1998 atomic hydrogen [22], in 200085Rb [23], in 2001
41K [24] and metastable4He [25], and in 2003133Cs [26] were added to the list
of Bose-condensed atoms. Molecular condensates have also been obtained quite
recently [27–29]. Studying the unique properties of condensed Bose gases, such
as superfluidity [30–34], phase transition from superfluid to Mott insulator [35],
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formation of solitons [36, 37] and vortices [38–41], matter-wave mixing [42–44]
and amplification [45,46], as well as atom lasing [47–49] is today in rapid progress.
Also, degenerate Fermi gases of6Li and40K have been experimentally realized dur-
ing the past few years, and a large effort is directed towards achievement of Cooper
pairing and superfluidity in these gases [27–29,50–57].

As the invention of the optical laser led to development of entirely new ways
to create and manipulate photons, the achievement of BEC opened up perspectives
for the development of new technology for the creation and manipulation of coher-
ent matter waves. Condensed atoms, characterized by the same wave function and
the same phase, retain memory of their initial state after they are released out of
the trap. The deep analogy of light and matter, framed by their common particle-
wave dualism, allows one to use light optics foundations as building blocks for
novel experiments ofatom opticswith the waves of matter. In contrast to pho-
tons, however, atoms have mass, and, in addition, they directly interact with each
other. The interaction strength and sign can be magnetically tuned by using Fesh-
bach resonances [58,59]. Moreover, as an electromagnetic field can be manipulated
with material objects composed of atoms, atoms can be manipulated with electro-
magnetic fields. These properties, together with the possibility to employ internal
atomic states, enable atom optics to find a rich variety of unique applications in
science and technology.

Creation of BEC with today’s standard methods is unfortunately still techni-
cally difficult and an experimentally delicate task. Therefore, invention and devel-
opment of less complicated and more flexible methods is of particular interest. One
of the most likely foundations for practical applications of atom optics and Bose-
Einstein condensation is the technique based on trapping atoms in surface-mounted
microscopic traps above lithographically fabricated current-carrying wires [60,61].
Well-localized magnetic [61–63] or electric [64, 65] fields above the surface of a
room-temperature solid substrate have been successfully used to control the motion
of microscopic atomic samples [61, 64], and to essentially simplify the creation of
BEC [61, 66, 67]. In view of providing further flexibility to the control and ma-
nipulation of atoms, microfabrication techniques make it possible to integrate many
atom-optical elements, such as microtraps [68,69], waveguides [69–71], beam split-
ters [72,73], and interferometers [74–76], on a single ”atom chip”. The research on
development of miniaturized atom-optical devices includes searching and realiza-
tion of new ideas, such as trapping of atoms with the aid of microscopic perma-
nent magnets [77–79] and creation of all-optical atom traps and guides by using
microlens arrays [80–82]. Also, the theory describing atoms in surface-mounted
traps [75, 76, 83–85], with many far-reaching proposals for future applications in-
cluding fundamental studies of low-dimensional condensates [86–90] and Tonks
gases [91, 92], cavity quantum electrodynamics [93, 94], and quantum information
processing [85,95] is in continuous development.
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The main goal of this thesis is to introduce our first steps in the development of
novel technique for manipulation of microscopic atom samples by making use of
evanescent optical fields. In particular, we study the possibility to realize an atom
chip on a substrate which is transparent to light. This feature could add flexibility
to laser control of both the internal and external states of the atoms. One of the
benefits of this approach lies in the possibility to efficiently cool atoms directly on
the surface by using a gravito-optical surface trap (GOST) [96–98]. The atoms in
the GOST are cooled by inelastic reflections from the evanescent wave, which fi-
nally results in the formation of an atom cloud with a thermal height of a few tens
of µm above the surface. The atoms can then be loaded into a surface-mounted mi-
crotrap by the process of equilibration of atom density after inserting the microtrap
into the GOST. Since the microtrap is small in volume, the temperature remains
low. Owing to this, the phase-space density in the microtrap can reach a level of
10−2 − 10−1, which by far exceeds the values achieved in loading of conventional
traps on a chip. The high phase-space density should be a good starting point for
creating, e.g., Bose-Einstein condensates. A BEC of133Cs on a prism surface has
recently been obtained, using a GOST and an all-optical subtrap [99]. By fabricat-
ing microscopic wires or electrodes, as well as permanently magnetized structures,
of transparent materials one can realize an atom-chip design with an easily applied
optical, magnetic, and static-electric field control of the atomic motion. In this
thesis, we describe several approaches to the creation of microscopic atom traps
mounted on a surface and discuss the methods which can provide efficient cooling,
strong phase-space compression, and temperature conserving spin-polarization of
the atoms by using an adiabatically driven deformation of the trapping potential. In
addition, we note that in such optically transparent devices, the quantum states of
the atoms can readily be manipulated and probed using laser light.

The thesis consists of five sections. In section 2, we briefly describe the main
aspects of the atom-field interaction theory in the context of its applications to atom
cooling and trapping. Section 3 describes the basics of trapping and cooling of
atoms on an evanescent optical wave. Section 4 is mainly devoted to creation of
microscopic atom traps on an evanescent-wave mirror and to a method of loading
of these traps with atoms. It also introduces a theoretical description of a multi-
component atom sample in a trap containing an adiabatically inserted or removed
subtrap. The main results of the work are summarized in section 5.
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2 Atoms in electromagnetic fields

A free atom is characterized by a fixed set of allowed internal quantum states dic-
tated by the structure of its nucleus and the number of its electrons. The interaction
of the atom with an electromagnetic field can be described in terms of transitions
of the atom between these states, including their linear superpositions, as well as
the field-induced shifts and broadenings of the atomic energy levels. The transi-
tions obey the laws of conservation of energy and momentum. Conservation of
linear momentum, for example, plays an essential role in laser cooling, and that
of angular momentum in optical pumping. The forces experienced by atoms due
to their interaction with an electromagnetic field are dissipative, if the mechanisms
involve spontaneous relaxation of atoms from excited states. Spatially inhomoge-
neous shifts of atomic energy levels, such as the light shift, the static Stark shift,
and the Zeeman shift, lead to conservative forces, which can be employed in atom
trapping and in certain cooling mechanisms, such as the so-called Sisyphus cooling.

While ions have a strong coupling of their charge to static electric and mag-
netic fields, neutral atoms interact with these fields only weakly by field-induced
electric dipole moments (static Stark effect) or permanent magnetic moments (Zee-
man effect). Thedipole moments of atoms in a static electric field depend on the
zero-frequency polarizability of the atoms. For alkali atoms in the ground state, the
polarizability has a value on the order of10−35 C·cm2/V, which requires electric
fields of about10 kV/cm to create a potential well of 1 mK depth. This makes it
technically inconvenient to use the static Stark effect for trapping atoms. On the
other hand, if atoms are trapped close to a thin charged wire or to a small gap be-
tween two oppositely charged electrodes, the electric potential can be made deep
with a low-voltage source [60, 100, 101]. For realization of comparable interaction
potentials, the coupling of themagneticmoments of atoms (µ) to a static mag-
netic field is stronger. The values ofµ are on the order of the Bohr magneton,
µB ≈ 9.3×10−20 A·cm2, and a 1 mK deep well is obtained by applying a magnetic
field of a few tens of Gauss.

Although a static electric potential always attracts atoms to a high-field region,
the magnetic potential can be either attractive (for atoms in a state withµ > 0) or
repulsive (µ < 0). The latter allows creating purely magnetic traps in free space. A
local maximumof both static electric and magnetic fields in a charge-free space is
forbidden. These properties of the atom-field interaction make magnetic traps more
popular, although in some applications, where atoms should be confined indepen-
dently of their spins, the use of electric fields can be superior.

The action of anoptical field on atoms depends on the field frequency and in-
tensity. The interaction effects become stronger when the frequency approaches a
resonance frequency of the atoms and when the light intensity increases. The in-
teraction is usually accompanied by absorption of photons and either spontaneous
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or stimulated emission. Each of these transitions leads to a change of momentum
of the atom by the momentum of the photon. In the presence of spontaneous emis-
sion, atoms experience the so-calledradiation pressure force. This force is related
to the momentum transfer in the absorption events, since the average momentum of
spontaneously emitted photons is zero. Another force, the so-calleddipole force,
is associated with virtual transitions or, in the dressed atom picture, with the above
mentioned light shifts of the atomic energy levels. The shift of a ground-state level
has the same sign as the frequency detuning,δ, of the field from the atomic res-
onance. The direction of the force is parallel, ifδ < 0, or antiparallel, ifδ > 0,
to the spatial intensity gradient of the field. In the first case, the field is said to
be red-detuned. It attracts atoms to the high-intensity regions. In the second case
the field isblue-detuned, and it is repulsive for the atoms. Although blue-detuned
dipole traps are more difficult to realize, they allow reduction of the mean rate of
optical transitions in the trap and, as a result, are less prone to light-induced heating
and loss.

In the following, we present a brief overview of the atom-field interaction theory
providing a quantitative description of the effects discussed above and used in the
present work.

2.1 Two-level atom and dressed atom states

The interaction of an atom with an electromagnetic field is generally described by
the time-dependent Schrödinger equation,

ih̄
∂

∂t
Ψ(~r, t) = HΨ(~r, t), (1)

whereH ≡ H0 +H′(t) is the Hamiltonian of the atom in the field divided into the
time-independent partH0 and the interaction partH′(t). The solutionΨ(~r, t) can
be expanded in terms of the eigenfunctionsφn(r) of H0 as

Ψ(~r, t) =
∑

k

ck(t)φk(r)e
−iwkt. (2)

The eigenvalues ofH0 areEn = h̄wn. Equation (1) can be rewritten in an equivalent
form as

ih̄ċj(t) =
∑

k

ck(t)H′
jk(t)e

iwjkt, (3)

whereH′
jk(t) ≡ 〈φj|H′(t)|φk〉 andwjk ≡ wj − wk, and where the dot denotes

the total time derivative. To solve Eq. (3) for an atom initially in the ground state
[c1(0) = 1], one may apply perturbation theory, choosing|ck(t)| ¿ 1 for all k
except for the lowest levelk = 1. However, if the probability to find an atom
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in an excited state can reach a high value, as in the case of interaction with an
intense, nearly resonant laser light, this approach is not suitable. The two-level atom
picture [102] may then be a fruitful theoretical tool. In this picture, the summation
in Eq. (3) is truncated to just two terms corresponding to the states coupled by laser
light. Labelling them with subindicesg (ground state) ande (excited state), one
obtains

ih̄ċg(t) = ce(t)H′
ge(t)e

−iwat, (4)

ih̄ċe(t) = cg(t)H′∗
ge(t)e

iwat, (5)

wherewa ≡ weg. Then, the coupling elementH′
ge(t) of the interaction Hamiltonian

may be written in terms of the Rabi frequency,Ω ≡ −eE0〈e|r|g〉/h̄, asH′
ge(t) =

h̄Ω cos(kzc − wlt), where the electric dipole approximation has been applied to the
atom-field interaction[H′(t) = −e~E(~rc, t) · ~r] and the plane wave approximation to
the field (~r is the electron coordinate and~rc is the coordinate of the atomic center of
mass;E0 is the field amplitude andwl the frequency). Using this Hamiltonian and
applying the rotating wave approximation (valid forδ ≡ wl − wa << wl), one can
write Eqs. (4) and (5) in the following form

c̈g(t)− iδċg(t) + (Ω2/4)cg(t) = 0, (6)

c̈e(t) + iδċe(t) + (Ω2/4)ce(t) = 0. (7)

The solution of these equations with the initial conditioncg(0) = 1 is

cg(t) = [cos(Ω′t/2)− i(δ/Ω′) sin(Ω′t/2)] eiδt/2, (8)

ce(t) = −i(Ω/Ω′) sin(Ω′t/2)e−iδt/2, (9)

whereΩ′ ≡ √
Ω2 + δ2. According to Eqs. (8) and (9), the probabilities|cg(t)|2 and

|ce(t)|2 oscillate at frequencyΩ′. This oscillation indicates a deterministic (coher-
ent) interaction of atom with light, where the absorption and stimulated emission
are fully correlated and the atom evolves through the superposition states. In partic-
ular, whenδ = 0, the oscillation amplitude of|ce(t)|2 is 1. Hence, all atoms in the
sample can be simultaneously excited with a laser pulse of a widthτ that satisfies
Ωτ = π.

In practice, the coherent oscillation of the eigenstate probabilities is disturbed
by spontaneous emission. Spontaneous emission is induced by electromagnetic
fluctuations of the vacuum. In almost all cases, the number of modes carrying the
vacuum “photons” is enormous, and spontaneous emission is essentially uncontrol-
lable. The spontaneous decay rate,Γ, is therefore a stable characteristic of the state.
In the dipole approximation, it reads

Γ =
w3

aµ
2

3πε0h̄c3
, (10)
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g , n

e , n - 1

e , n

g , n + 1

h d h W '

h w l

Figure 1: Energy level diagram for an atom-field system. The first and
second symbols in the kets denote the state of the atom and the quantum
number of the field, respectively. When the light intensity is increased,
the two nearly degenerate energy levels become split byh̄Ω′ which in a
fully quantum description becomes a function ofn. The detuningδ in
this example is positive.

where~µ = e〈e|~r|g〉 is the dipole moment of the transition. Due to spontaneous
emission, the probability oscillations of individual atoms in an atomic sample be-
come out of phase, which results in a damping of the corresponding oscillation of
the atomic energy levels’ populations. The populations approach their steady-state
values in a time of a fewτsp = 1/Γ [103].

For atoms in an optical field, the eigenvalues of the total HamiltonianH are
shifted from the eigenvalues of the unperturbed HamiltonianH0. In the rotating
wave approximation the interaction HamiltonianH′ can be made time-independent.
It can then be diagonalized to find the eigenvaluesEg,e = h̄(−δ ± Ω′)/2. The
corresponding energy levels are separated byh̄Ω′. The related states are called
the dressed states. When the light intensity approaches zero, the energies become
Eg ≈ 0 andEe ≈ −h̄δ. The light shifts are therefore

∆Eg,e = h̄(∓δ ± Ω′)/2, (11)

and in the limit of low intensity and large detuning (Ω ¿ |δ|), they become

∆Eg,e ≈ ±h̄Ω2/(4δ). (12)

Figure 1 shows an energy level diagram for an atom-field system, for which the
total Hamiltonian is written in the formH = H0 + Hrad + H′, whereHrad is the
radiation part having the eigenvaluesEn = h̄wl(1/2+n) andH′ is written as above
in the semiclassical approximation. The light-shifted energy levels of each dressed
atom state are in this picture separated by the photon energyh̄wl.

The Rabi frequency depends on light intensity. So do the light shifts of atomic
ground states (see Fig. 1). Thus, a red- or blue-detuned laser field can be used to
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produce a potential well or barrier, respectively, for the atoms. The force acting on
the atom (the dipole force) is proportional to the gradient of the light shift. In the
case of large detuning and low intensity, the force can be written as

(~Fdip)g,e = ∓ h̄

4δ
∇~rc(Ω

2), (13)

where Eq. (12) has been applied.

2.2 Power broadening and saturation

In the calculations of section 2.1, the effect of spontaneous emission was omitted,
and the atom-field interaction was described in terms of coherent evolution of the
atomic states. In this section we recall the density matrix formalism and, by em-
ploying the optical Bloch equations (OBEs), describe the power broadening and
saturation effects, which both are influenced by spontaneous emission [103, 104].
For a two-level system, the density matrix is

ρ =

(
ρee ρeg

ρge ρgg

)
, (14)

whereρee andρgg are the populations of the excited and ground state, respectively,
andρeg andρge the atomic coherence terms. Starting from the equation of motion
for the density matrix,ih̄ρ̇ = [H, ρ], and including the effects of light coupling and
spontaneous emission, one can come to the OBEs in the form

ρ̇ee = −Γρee − i(Ω∗ρ̃eg − Ωρ̃ge)/2, (15)

ρ̇gg = −ρ̇ee, (16)
˙̃ρge = −(Γ/2 + iδ)ρ̃ge + iΩ∗(ρee − ρgg)/2, (17)
˙̃ρeg = −(Γ/2− iδ)ρ̃eg − iΩ(ρee − ρgg)/2, (18)

whereρ̃ij ≡ ρije
iδt. A steady-state solution of these equations is found by setting

all time derivatives to zero. Withρeg = ρ∗ge, this finally yields

p = 1/(1 + S) and (19)

ρeg =
iΩ

2(Γ/2− iδ)(1 + S)
, (20)

wherep ≡ ρgg − ρee is the population difference and the saturation parameterS is
defined by

S =
S0

1 + (2δ/Γ)2
. (21)
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The parameterS0 ≡ 2|Ω|2/Γ2 is the on-resonance saturation parameter, often
written as the ratioI/Is of the light intensityI to the saturation intensityIs ≡
2π2h̄cΓ/3λ3.

The excited-state population,ρee, decays due to spontaneous emission at a rate
of Γ. Since in the steady state, the excitation and decay rates are equal, the scattering
rate of light from the laser field isγs = Γρee. Taking into account the fact that
ρee = (1− p)/2, one obtains

γs =
ΓS

2(1 + S)
=

S0Γ/2

1 + S0 + (2δ/Γ)2
. (22)

If S0 increases, the scattering rateγs becomes less dependent on the detuningδ. As
a result, the transition linewidth broadens. This is called power broadening of the
transition. At high intensities and small detunings, the rateγs saturates toΓ/2.

Onceγs is known, calculation of theradiation pressure forceis straightforward,
i.e.,

Frad = h̄kγs, (23)

wherek is the field’s wavenumber. The total force found in the OBE formalism
includes also thedipole force, Fdip = h̄ζre(Ωρ∗eg + Ω∗ρeg), whereζre is equal to
Re[(1/Ω)∂Ω/∂zc] and the axisz is chosen to point in the direction of the force. By
applying Eq. (20) one obtainsFdip = −h̄δζreS/(1 + S). This result can be written
explicitly in terms ofδ andS0 ≡ I/Is, when assumingΩ to be real, as

Fdip = − h̄δ/2

1 + S0 + (2δ/Γ)2

∂S0

∂zc

. (24)

At low intensity and large detuning, Eq. (24) reduces to the force(Fdip)g of Eq. (13).

2.3 Multilevel atoms

The theory described in sections 2.1 and 2.2 provides a good qualitative and often
also quantitative description of the atom-field interaction for many applications of
laser cooling and trapping. However, real atoms have a complex structure of their
energy levels, and in general optical fields couple more than just two of them. As
the present work deals with alkali atoms, we start with a brief description of their
properties.

Alkali atoms have only one valence electron. The state of this electron is deter-
mined by the orbital angular momentum~l and spin~s. Other electrons are in closed
shells and their influence on the atomic states is negligible. Hence, the quantum
numbers for the atom’s electrons,L, S, andJ , coincide with those of the valence
electron,L = l, S = s, andJ = j. The total angular momentumJ takes the values
from |L− S| to L + S. The energy splitting (eachL-level splits into2S + 1 levels)
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Figure 2: Fine and hyperfine structures of (a)87Rb and (b)133Cs. For
87Rb the nuclear spin isI = 3/2, and for133Cs it isI = 7/2.

caused by the spin-orbit interaction forms the atomicfine structure, of which the
states are usually specified asn2S+1LJ with n being the principal quantum number
of the electron. The coupling between~J and the nuclear spin~I leads to an additional
hyperfinesplitting of the levels, since the total angular momentum of the atom,~F ,
has2J + 1 projections on the quantization axis (the quantum numberF takes the
values from|I−J | to I +J). Examples illustrating the fine and hyperfine structures
of 87Rb and133Cs are shown in Fig. 2.

Each hyperfine energy level is2F + 1-fold degenerate. Application of a weak
external magnetic field lifts this degeneracy through the anomalous Zeeman effect.
The magnetic quantum numbermF , which is the projection of~F on the direction of
the magnetic field, runs from−F to F . For weak fields, typically weaker or on the
order of102 Gauss, the splitting grows linearly with the field strengthB and can be
described by

∆EmF
= µBgF mF B, (25)

wheregF is the Land́e g-factor that accounts for the contribution of both the valence
electron and nucleus,gF = gJ [F (F + 1) + J(J + 1)− I(I + 1)]/[2F (F + 1)]. The
gJ -factor does not depend onI and, for all alkali atoms in the ground state, it is
gJ = 2. ThegF factors for the hyperfine ground states of87Rb and133Cs are given
in Fig. 2. When the magnetic field increases above a certain value, the vectors~J
and~I become more strongly coupled to the field than to each other. Equation (25)
in this case does not hold.

Alkali atoms are normally composed of an even number of fermions (neutrons,
protons, and electrons). As a result, they behave like bosons. Some isotopes of
these atoms, however, have an odd number of fermions and behave like fermions.
Examples of such isotopes are6Li and 40K which have been recently used to create
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quantum-degenerate Fermi gases and molecular BECs [27–29,50–57].
In laser cooling and trapping, the frequencies of the D1 and D2 transitions (see

Fig. 2) are the usual reference points for selecting the laser frequency. However, the
laser bandwidth is usually much narrower than the ground-state hyperfine splitting
and often narrower than the Zeeman splitting. Thus, the laser frequency has to be
further specified with respect to these sublevels. When the laser is far detuned from
some particular atomic resonance, or its bandwidth is large, more than one atomic
transition can occur with a comparable probability. Furthermore, spontaneous emis-
sion can drive atoms to different hyperfine ground states. In many atom-optical ap-
plications, a key role belongs to theselection rules, such as∆mF = 0 for transitions
in linearly polarized light and∆mF = +1 and−1 for transitions inσ+- andσ−-
polarized light, respectively. These rules are applied, e.g., in optical spin-polarizing,
where in order to pump atoms into a magnetic state of a higher/lower value ofmF ,
one usesσ+-/σ−-polarized light. Other selection rules, such as∆L = ±1 and
∆F = 0,±1 with the transitionsF = 0 → F ′ = 0 being forbidden, are as well
frequently employed in building experiments. For example, an atomic sample in a
monochromatic field that drives the D2 transitions between either the lowest or the
highest hyperfine states can be considered to be a closed two-level system, since
spontaneous emission to the other levels is forbidden (|∆F | = 2 or ∆L = 0).
Hence, one can directly use the results of the two-level atom approximation de-
scribed in section 2.1.

If more than one transition of an atom from its initial state is allowed, as in the
case of spontaneous emission from, e.g., the2P1/2 state, the probabilities for each
transition can be calculated by taking into account the relative transition strengths.
For all transitions between the hyperfine energy levels of the states2S1/2, 2P1/2, and
2P3/2, the relative transition strengths for alkali-metal atoms are tabulated, e.g., in
Ref. [103]. If laser light is detuned from atomic resonances, the excitation proba-
bilities are calculated by taking into account the corresponding detunings [see, e.g.,
Eq. (22)]. The detunings may in turn be affected by shifts of the related energy lev-
els, such as light shift, Zeeman shift, or the static Stark shift that can be calculated
for the2S1/2 energy level from

∆Est = −α0

2
|Est|2. (26)

Hereα0 is the zero-frequency polarizability of the atom in this state. The light and
Zeeman shifts are given by Eqs. (11) and (25), respectively. These shifts may have
a significant influence on the transition probabilities, if their values are comparable
with the detuninḡhδ of the applied optical field.
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3 Trapping and cooling on an evanescent-wave atom
mirror

As the most important general aspects of the atom-field interaction have now been
laid down, we proceed to specialized situations. In this section, we describe trap-
ping and cooling of atoms confined above an optical evanescent wave. Among the
many methods developed in the field of laser cooling and trapping, those making
use of evanescent waves [96, 97, 105–109] may be of interest when creating cold
atomic samples in close proximity to a solid surface. Such samples may be used for
fundamental studies of low-dimensional atomic gases [109–111], investigations of
near-field properties of material surfaces [112–114], and for obtaining cold atomic
ensembles in surface-mounted microtraps (Publications II-V).

Typically in experiments with laser-cooled atoms, atoms are initially trapped in
a standard magneto-optical trap (MOT) and then further processed depending on
the specific experimental goal. Apart from some exclusions, as, for example, in
guidance of atoms in hollow optical fibers [115–119], the evanescent-wave based
experiments also start with this procedure. Therefore, in section 3.1, we briefly
describe the main operation principles of a MOT, touching also on some aspects
of cooling of atoms in optical molasses, and then proceed to the description of
trapping and cooling on an evanescent-wave atom mirror (section 3.2). Finally,
in section 3.3, we discuss the main factors limiting the evanescent-wave cooling
efficiency, including the effect of multiple photon reabsorption, which is studied in
Publication II.

3.1 Trapping in a MOT and cooling in optical molasses

Trapping of atoms in a MOT is accomplished by selective optical pumping of atoms
in a spatially inhomogeneous magnetic field. The field is usually a quadrupole
field produced by two identical coils carrying opposite currents. The field is there-
fore centrosymmetrical and such that its magnitude is equal to zero at the trap
center and has approximately linear spatial dependence around it. The magnetic
field results in a spatially inhomogeneous Zeeman splitting of the atomic energy
levels. In addition to the magnetic field, there are three mutually perpendicular
pairs of counterpropagating, circularly polarized laser beams applied on the atoms
(see Fig. 3). The light frequency is chosen to match the D2-line of the atoms and
tuned to the red of a transition between two hyperfine energy levels which form
a closed two-level system (see section 2.3). For87Rb, this transition is usually
|2S1/2, F = 2〉 → |2P3/2, F = 3〉. According to the selection rules for the magnetic
quantum numbermF , atoms in the region of both magnetic and optical fields start
to scatter more light from a beam propagating towards the center of the trap than
from the counterpropagating one. This results in a radiation pressure force directed
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Figure 3: Schematic diagram of a magneto-optical atom trap. The laser
beams are left (LC) or right (RC) circularly polarized.

towardsB = 0. Considering atoms on a particular magnetic sublevelmg of the
ground state and taking into account the Doppler shift,∆wD = −~k · ~v, the force
applied to an atom from each of the counterpropagating laser beams can be written
as

F± = ±h̄k
S0Γ/2

1 + S0 + (2δ±/Γ)2
, (27)

where Eqs. (22) and (23) have been applied. Let us consider the two beams prop-
agating along thez axis. If this axis is chosen to be the quantization axis, then,
for atoms at positivez, the forcesF+ and F−, as well as the detuningsδ± =
δ ∓ ~k · ~v ± µ′B/h̄, correspond to theσ+- andσ−-polarized beams, respectively.
Hereµ′ ≡ (geme − ggmg)µB. According to the selection rules,me −mg is equal
to ±1. The quantityµ′ is always positive and, when neglecting the Doppler shift,
the total forceF ≡ F+ + F− turns out to be negative. Atz < 0, the magnetic field
direction is reversed and the force is positive, so that the vector~F is everywhere
directed towardsz = 0. The sign of~k · ~v depends on the mutual directions of~k
and~v and, without taking into account the Zeeman shift, the total force turns out to
be directed against~v. If both the Doppler and Zeeman shifts are small compared
to h̄δ, the total force can be expanded and written in the form~F = −β~v − κ~r,
where~r has its origin atz = 0. This force leads to a damped harmonic oscillation
of the atoms around the origin. The damping rate is given byγMOT = β/M and the
spring constant isκ = µ′βA/h̄k, whereM is the atomic mass andA the magnetic
field gradient. Thus, together with trapping, a MOT provides cooling at the rate of
γMOT . This cooling, called Doppler cooling, has a limit in the lowest achievable
temperature,TD = h̄Γ/2kB. For 87Rb, for example, this limit isTD = 146 µK.



– 14 –

In practice, the temperature can drop even bellow the Doppler limit, since the light
field of the MOT has polarization gradients, which leads to an additional, so-called
polarization gradient cooling of the atoms.

Along with the cycling transitionsFg ↔ Fe between two selected hyperfine
states, there is a small probability for the atoms to be excited into the neighboring
hyperfine state withFe = Fg. Such atoms can then undergo spontaneous emission
to another hyperfine ground state,F ′

g, and, as a result, escape from the trap. In order
to prevent this loss, the atoms from the stateF ′

g are continuously pumped back to the
stateFg, using a laser beam tuned into resonance with, e.g., a D1 transition between
F ′

g and a certainFe state.
A usual procedure to further decrease the temperature is to switch the magnetic

field off and lower the intensity of the MOT beams together with increasing the de-
tuning. This leads to polarization gradient cooling in theσ+-σ− optical molasses.
To qualitatively explain the cooling scheme, it is sufficient to consider only two
counterpropagating beams. Their total field has a spatially rotating linear polariza-
tion. The quantization axis for the atoms rotates together with the direction of the
field polarization and, in order to follow it, moving atoms should experience optical
transitions. For atoms moving toward theσ+-polarized beam, the transitions tend
to populate the magnetic substates with∆mg = +1, which leads to a substantial
increase of the scattering rate from this beam due to an increased transition strength.
Similar situation takes place for atoms moving in the opposite direction. The atomic
motion is therefore damped towardsv = 0. The final temperature can be an order
of magnitude lower than the Doppler limit and only several times higher than the
recoil limit Tr = (h̄k)2/MkB.

3.2 Trapping and cooling on an evanescent-wave mirror

A theoretical model describing cooling of atoms on a tilted evanescent-wave mirror
was introduced by J. S̈odinget al. in [105], and it has since been applied to calculate
the cooling parameters in a variety of trap configurations [105, 120–124]. Exper-
imentally, the cooling was demonstrated using a gravito-optical surface trap [105,
120, 121], which was constructed for the purpose of achieving quantum degener-
acy of 133Cs [99, 108, 109]. A gravito-optical surface trap (GOST) is formed by a
horizontally aligned EW mirror, the action of gravity, and a blue-detuned hollow
laser beam (see Fig. 4a). A hollow beam can be obtained from a Gaussian beam,
e.g., by modifying it with an optical system containing an axicon [98,125,126]. In
Publication I, we introduce an alternative technique, where a similar modification
is provided by using self-phase modulation of a Gaussian laser beam in a nematic
liquid crystal. Thin-walled hollow beams of different sizes and peak intensities
have been created using a very simple and cheap optical system (see Fig. 5), which
is characterized by a high power conversion efficiency, insensitivity to alignment of
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Figure 4: (a) Gravito-optical surface trap. (b) Cooling transitions be-
tween EW-shifted energy levels of the atoms.

the optical elements, and the ability to produce non-diverging, as well as converging
or diverging beams.

Loading of atoms into a GOST is performed in several steps. First, atoms are
trapped and cooled in a MOT located a few millimeters above the GOST. Then,
the MOT is switched off and the atoms are allowed to fall inside the hollow beam
towards the evanescent-wave mirror. Under gravity, the atoms make inelastic re-
flections off the evanescent wave, which leads to an efficient cooling of the sample.
The process is completed, when the temperature has reached an equilibrium and the
EW frequency further detuned from the atomic resonance in order to increase the
trap lifetime.

The basic equations describing the cooling process can be derived by con-
sidering a single atom which, nevertheless, exchanges its kinetic energy with the
other atoms in the trap. All relevant quantities are described in terms of their
mean values per atom. The intensity of the evanescent wave created by total in-
ternal reflection decays exponentially above the surface with a decay length of
Λ = (λ/4π)(n2 sin2 θ − 1)−1/2. Hereλ is the laser wavelength,n the index of
refraction of the dielectric, andθ the angle of incidence of the reflected beam. As
in Ref. [105], we assume the evanescent wave to be a monochromatic and linearly
polarized wave tuned above the D2-resonance frequency by an amountδ which is
much larger than the hyperfine splitting of the excited state,|e〉. The detuning is
measured with respect to the lower hyperfine ground state. Under the approxima-
tion of small saturation, the optical potentials (the light shifts) can be written as
U1(ξ) = (2/3)h̄Ω2(ξ)/4δ andU2(ξ) = (2/3)h̄Ω2(ξ)/4(δ+δhfs) for the lower,|g1〉,
and upper,|g2〉, hyperfine ground states, respectively. Hereδhfs is the ground-state
hyperfine splitting andΩ(ξ) = Γ

√
I(ξ)/2Isat is the Rabi frequency discussed in
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Figure 5: (a) Experimental setup for creation of a hollow laser beam us-
ing a nematic liquid crystal (LC) and two lenses (L1 and L2). (b) CCD
images of three different hollow beams together with intensity profiles
along a line crossing the beam axis (I0 is the peak intensity of the inci-
dent Gaussian beam in the CCD plane).

section 2. Compared to Eq. (12), the potentialsU1 andU2 include an extra factor
of 2/3, which stems from the sum of the transition strengths over the excited-state
hyperfine levels [105]. Note that the potentialU2 can be considerably smaller than
U1 because of the larger detuning,δ + δhfs. The atomic energy levels shifted by the
EW field are schematically shown in Fig. 4b.

In the presence of a downward propagating, low-power repumping beam the
atoms are slowed down. The repumper is tuned into resonance with the transition
|g2〉 → |e〉 in order to optically pump atoms that have entered|g2〉 back into the
state|g1〉. If an atom in the state|g1〉 enters the repulsive evanescent wave and,
near the turning point, makes a transition to the state|g2〉 (through scattering of an
evanescent-wave photon), the energy lost by the atom as it climbs up the poten-
tial hill will be larger than that it gains when leaving the field after the reflection.
Recycling the process leads to aSisyphuscooling of the atoms at the rate [105]

γSis ≈ 2

9

δhfs

δ + δhfs

1− qe

τc

, (28)

whereqe is the mean branching ratio to the lower hyperfine ground state for elastic
scattering of a photon. The parameterτc denotes the mean time between incoherent
reflections, which is given by

τc =
h̄δ

ΓΛMg sin ϕ
, (29)
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whereM is the atomic mass,g the acceleration due to gravity, andϕ the angle
between the vertical axis and the vacuum-dielectric interface.

The rate of thegeometriccooling, originating from the absorption of the down-
wards propagating repumping photons by the|g2〉-state atoms on their way up in
the gravitational field, is calculated to be

γgeo ≈ 4πh̄ sin ϕ

3λqr

√
MkBT

1− qe

τc

, (30)

whereqr is the mean branching ratio to the state|g1〉 for transitions in the repumping
field starting from the state|g2〉, kB is the Boltzmann’s constant, andT the instanta-
neous temperature of the atoms. Sinceτc is inversely proportional tosin ϕ, the rate
γgeo is proportional tosin2 ϕ.

Assuming that in each optical transition the kinetic energy of an atom increases
by one photon recoil energy, one can find the expression for the corresponding
heating rate (see Ref. [105]) to be

γheat =

(
2 +

1− qe

qr

)
(2πh̄)2

3λ2MkBT

1

τc

. (31)

In thermal equilibrium, the heating rate is equal to the overall cooling rate,

γheat = γSis + γgeo, (32)

and the solution of this equation with respect toT gives the final temperatureTeq.
In the case of perfect alignment,ϕ is equal toπ/2 and

Teq = C2
1

(√
1 + C2

(
2qr

1− qe

+ 1

)
− 1

)2

, where (33)

C1 ≡ 3(δ + δhfs)πh̄

δhfsqrλ
√

MkB

and (34)

C2 ≡ 2qrδhfs

3(δ + δhfs)
. (35)

In deriving this equation, we assumed that(1 − qe)2πΛΓ/qrλδ ¿ 1. The equilib-
rium temperature for87Rb (δhfs ≈ 2π × 6.8 GHz, qe ≈ 0.72 andqr ≈ 0.62 [105])
when δ = 2π × 1 GHz is Teq = 1.4 µK which is only 4 times higher than the
recoil limit Tr = 0.36 µK. For 133Cs (δhfs ≈ 2π × 9.2 GHz, qe ≈ 0.75 and
qr ≈ 0.61 [105]), we obtainTeq = 0.9 µK, while Tr = 0.20 µK. The equilibrium
temperature is reached in a time comparable to1/γSis which, at relevant parameter
values, is on the order of 1 s [105]. We remind the reader that the present model
implies instantaneous thermalization of the sample at each moment of the cooling
process. The realistic cooling time depends also on the atom density and the trap
size, and usually it extends to several seconds [120].
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3.3 Evanescent-wave cooling limits

According to the model described in the above section, the temperature of the
evanescent-wave cooled atoms can decrease down to a value of about4Tr. The
lowest temperature which has been achieved so far in the experiments withlow-
densityatomic samples of133Cs is two times higher than this calculated value [121].
One of the possible reasons can be a ”roughness” of the realistic evanescent-wave
mirror which leads to a diffuse atomic reflection [113] and, as a result, to a de-
crease of the geometric-cooling efficiency (seesin ϕ in Eq. (30)). Other effects,
such as scattering of light at imperfections on the prism’s surface and possible op-
tical transitions in the field of the hollow beam, may also take place. Besides these
essentially technical reasons, multiple reabsorption of resonance-frequency photons
in the cooled sample can have a noticeable influence on the temperature. In Pub-
lication II, we have taken into account this effect and derived the dependence of
the minimum achievable temperature on the number of atoms in the sample and on
the effective size of the trap. The approach is based on the law of energy conser-
vation. We start by calculating the mean rate per atom,Rin, at which the resonant
photons originally appear in the sample due to the transitions|e〉 → |g1〉 complet-
ing each cooling cycle. The total power of these photons,Pin = 2πh̄ν1Rin, is
equal to the powerPout of the resonant photons escaping from the sample, which
gives a mean rate ofRr = (1/ηout − 1)Rin for the reabsorption of photons by each
atom. The rateRin is given byRin ≈ (1 − qe)/2τc. The parameterηout defines
the ratio of the escaping powerPout per atom to the overall resonance-frequency
powerPrad ≡ 2πh̄ν1(Rin + Rr) emitted on average by each atom. Assuming that
each transition is associated with an increase of the atomic kinetic energy by one
recoil energy, we derive an expression for the heating rateγ̃heat which includes the
influence of the multiple reabsorption of photons as

γ̃heat ≈
(

2 +
1− qe

qrηout

)
(2πh̄)2

3λ2MkBT

1

τc

. (36)

Compared with Eq. (31), this equation contains the parameterηout. Sinceηout is
always smaller than 1, the ratẽγheat is always higher thanγheat, and only if the
resonance-photon reabsorption can be neglected isηout ≈ 1 and γ̃heat ≈ γheat.
Equating now̃γheat to γSis + γgeo, we find the corrected equilibrium temperature
T̃eq to be given by

T̃eq = C2
1

(√
1 + C2

(
2qr

1− qe

+
1

ηout

)
− 1

)2

, (37)

with C1 andC2 given by Eqs. (34) and (35). To calculate the parameterηout ≡
Pout/Prad, one may assume that the atomic sample has a constant density equal
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Figure 6: Dependence of (a) equilibrium temperature, (b) number den-
sity, and (c) phase-space density of133Cs in a GOST on the total number
of atomsN . [Publication II]

to the peak densityn0 within the effective volume of the trap. Then, by modelling
the emitted resonance-frequency photons as attenuating spherical waves radiated by
each atom at powerPrad, one can obtain an estimate for the powerPout and thus find
ηout. The attenuation coefficient for weak resonance-frequency radiation in the case
of a lifetime-broadened transition may be taken in the formα ≈ 3n0λ

2/2π [103].
For a GOST with a diameterD being much larger than the thermal heightu ≡

kBT/Mg of the sample, the parameterηout takes the form

ηout =
1− e−ζ

2ζ
− 1

2
[ζΓ(0, ζ)− e−ζ ], (38)

whereΓ(0, ζ) is the incomplete gamma function andζ ≡ αu is equal to6Nλ2/(πD)2.
HereN is the total number of atoms in the trap. The attenuation coefficientα is pro-
portional to the densityn0 = N/(uπD2/4) and, therefore,ζ is independent ofu.
Substituting Eq. (38) into Eq. (37), we can calculate the equilibrium temperature
T̃eq.

As an example, we show the calculated dependencies of the temperatureT̃eq

(Fig. 6a), peak number densityn0 (Fig. 6b), and phase-space densityΦ (Fig. 6c) on
the number of atomsN for 133Cs atoms cooled in a GOST. The values for the hollow
beam diameter,D = 0.8 mm, and the evanescent-wave detuning,δ = 2π × 5 GHz,
have been taken from Refs. [108] and [109]. The phase-space density is given
by Φ = (n0/7)(2πh̄2/MkBT̃eq)

3/2. The resonance-photon reabsorption is seen to
significantly affect the final temperature of the cooled atoms. The lowest possible
temperature in cooling of, e.g.,108 atoms is almost two orders of magnitude higher
thanTeq calculated from Eq. (33). Both the number densityn0 and the phase-space
densityΦ versus the number of atoms show a well established maximum. The
phase-space density reaches its maximum value ofΦp ≈ 8× 10−5 atN ≈ 2× 106.
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This value can in principle be increased by reducing the trap size, since the trapped
resonant radiation escapes smaller samples more efficiently (see Publication II).
On the other hand, if the number of atoms to be trapped is fixed, the trap cannot
be reduced to an arbitrarily small size, since at higher densities the trap lifetime
becomes shorter due to inelastic interatomic collisions. In this case, the cooling
efficiency could be improved, if the repumping mechanism was replaced with a
process that would not involve spontaneously emitted resonance-frequency photons.
Such repumping could be realized through Raman transitions in a field which does
not contain near-resonance frequency components.
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4 Microscopic atom traps on an evanescent-wave mir-
ror

The idea of creating surface-mounted atom traps and guides emerged at the end
of the 1990s on the basis of experiments on the manipulation of atoms with free-
standing charged and current-carrying wires [101, 127–131]. It was then realized
that making the wires narrower could bring about several important advantages.
Already in 1996 Vuleticet al. demonstrated a miniaturized magnetic quadrupole
trap allowing one to increase both the atom density and trap level spacing in order
to provide more efficient evaporative cooling [132]. To create a comparable steep
and tight potential with a thick free-standing wire, current (or voltage) has to be im-
practically high. Thus, the wire thickness should be substantially reduced, to, say,
∼ 10 µm. In current-based experiments, however, such a thin wire would be diffi-
cult to exploit due to, e.g., mechanical instability which can be caused by thermal
expansion induced by the current. If, on the other hand, the wire is lithographically
fabricated on a solid substrate, the trap is stable and has a well-defined position. In
addition, higher current densities can be used, because the substrate serves as a heat
dissipator. J. Schmiedmayer in his pioneering paper on this subject [100] has listed
the main advantages of the microscopic atom traps on a solid substrate to be (a) sim-
plification of storage of atoms in the trap ground state and creation of single-mode
atom waveguides, (b) the possibility to integrate many atom-optical components
into a single device, “atom chip”, and (c) the possibility to realize coupling between
the states of atoms in different trapping sites, which can be used, e.g., in quantum
information processing.

The problem of loading a small surface-mounted trap with atoms was solved by
the invention of themirror MOT [68, 133]. The mirror MOT can provide trapping
and cooling of atoms at a distance of a few millimeters above the surface which is
coated with a thin metal film in order to reflect two of the MOT’s beams. In most
of the current experiments, the microtraps are based on current-carrying wires, and
the loading procedure typically includes such stages as (1) transfer of atoms from
a mirror MOT into a so-called U-MOT (created with a thick U-shaped wire on or
below the substrate), (2) cooling using optical molasses, (3) replacement of the U-
MOT with a spatially matched purely magnetic trap, and (4) transfer of the atoms
to smaller and steeper traps or guides formed by thin conductors. A similar loading
technique has been used to demonstrate the feasibility of surface-mounted traps in
the creation of a Bose-Einstein condensate [66,134]. It has also been demonstrated
that an atomic sample can be loaded into a surface-mounted trap by transporting the
sample in a macroscopic magnetic [135] or red-detuned optical [136] trap.

In regard to the creation of BEC, phase-space density is the key parameter.
When using a microtrap, the phase-space density is increased to the level of quan-
tum degeneracy in a traditional way by applying rf-forced evaporative cooling. Be-
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fore starting the evaporation, the phase-space density in the microtrap is typically
lower than10−5. However, because of a high number density of the atoms, typ-
ically n0 > 1010 cm−3, and a small size of the trap, the evaporative cooling can
be made to proceed quickly. The trapping frequencies are usually not very high,
on the order of 1 kHz, which is in particular dictated by the necessity to position
the trap center at a large distance from the metal coating of the substrate (typically
> 10 µm). This is explained by the influence of the thermal motion of free electrons
in the metal on the coherence time of the trapped atomic sample [66, 83, 84]. The
magnetic field fluctuations near the surface cause transitions of the atoms to other
magnetic states, which also leads to reduction of the trap lifetime. Similar magnetic-
field fluctuations are caused by the technical noise of currents in the wires. Since
these fluctuations scale with the strength of the trapping potential, they can not be
reduced simply by increasing the trap-surface separation and, therefore, a careful
stabilization of the current source is of particular importance.

One of the goals of the research work described in this thesis is to develop a
method for creation of surface-mounted microtraps and guides which would not re-
quire metal coating of the substrate, but which still could be efficiently loaded with
atoms. We also consider a trapping technique which does not involve currents, but,
instead, allows easy access to the trapped atoms with light. This can be achieved in
practice if the substrate is made of light-transparent material. A number of promis-
ing experimental results on trapping and cooling of atoms in a gravito-optical sur-
face trap [96,97,99,108,109] have supported our idea to develop microtraps based
on an evanescent-wave mirror. In section 4.1 we describe the basics of creation
of such microtraps, and in section 4.2, we analyze the loading of them with atoms
from a GOST. Section 4.3 presents a generalized theoretical model for describing a
multicomponent atom sample in a trap containing a tight and deep subtrap.

4.1 Trap designs

A microscopic electro-optical atom trap on an evanescent-wave mirror

The possibility to create a surface-mounted atom trap on an evanescent-wave atom
mirror was first mentioned by J. Schmiedmayer in the discussion of trap designs
based on an electrically charged wire [100]. Realization of such an electro-optical
trap, where an optical potential prevents atoms from attaching to the wire, is of
interest, since it allows storing atoms independently of their magnetic states. More-
over, the collisional properties of atoms in such traps can be magnetically tuned
using Feshbach resonances without influence on the shape of the trapping potential.
To electrically charge the wire, one must place it close to another conductor and
connect them to different electric potentials. The charge density and, consequently,
the resulting electric field strength will depend on the applied voltage and on the
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Figure 7: (a) Schematic diagram for realizing an electro-optical atom
trap on an EW atom mirror. (b) Equipotential contours of the interaction
potential. The step size between the contour lines is∼ 2 µK. [Publica-
tion III]

distance between the wire and the conductor. Instead of using a wire, our design for
an electro-optical atom trap is based on the use of two oppositely charged transpar-
ent electrodes (made of, e.g., indium tin oxide) separated by a distance of a fewµm
[Publication III]. The electrodes are embedded in a refractive-index-matched thin
dielectric film on the surface of a glass prism, as is schematically shown in Fig. 7a.
We also indicate in the figure how the trap can be combined with a gravito-optical
surface trap. A suitable material for the dielectric layer could be noncrystalline sil-
icon nitride [137]. The design allows for (1) a strong electric field to be created
above the gap between the electrodes using a low-voltage source and (2) a smooth
evanescent-wave mirror for the atoms to be created on the film surface by total inter-
nal reflection of a blue-detuned laser beam, as a result of which an efficient cooling
of atoms on the evanescent wave can be conducted before loading the trap.

The potential of interaction between an atom and the static electric field and the
evanescent wave is given by

U = − α0

2kB

|Est|2 +
λ3

8π2ckB

Γ

δ
I0 exp(−z/Λ), (39)

whereU is expressed in units of temperature. The first term in this expression
introduces the static Stark shift [see Eq. (26)] and the second term is the light shift
(see page 15). The parameterα0 denotes the electric polarizability of the atom,I0

the maximum value of the evanescent-wave intensity,z the height above the film
surface, andΛ the intensity decay length of the evanescent wave. Equation (39)
has been written for an atom in the lower hyperfine ground state in the limit of low
saturation in the evanescent wave. Both gravity and the van der Waals interaction
have been neglected [105,138,139]. For133Cs, for example, the energy “shift” due
to gravity is less than1 µK at z = 10 µm. Also, the evanescent-wave intensity is
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chosen to prevent van der Waals attraction so that the potential barrier between the
potential minimum and the surface remains much higher than the expected thermal
energy of the atoms. As an explicit example, we show calculated equipotential
contours for atoms of133Cs (α0 = 6.6×10−35 C·cm2/V) above a 2µm gap between
100 nm thick electrodes with a voltage drop of 0.62 V across them (see Fig. 7b).
The peak intensityI0 is chosen to be1 × 108 W/m2 corresponding to total internal
reflection of a p-polarized laser beam of 2.5 W with a beam diameter of0.6 mm
(the incident angle is31◦; the decay length isΛ ≈ 0.32λ). The laser wavelength
is detuned from the D2-resonance by−15 nm. This atom trap is 13.6µK deep and
has transverse dimensions on the order of a micrometer. The longitudinal size of
the trap (in they direction) is determined by they size of the electrodes.

Owing to the large detuning of the evanescent wave from the atomic resonance,
the mean time between successive optical transitions of an atom located at the min-
imum of the confining potential is long, approximately 2 seconds [Publication III].
Within this time, the optical transitions can cause heating of the trapped atoms by
∆T ≈ 2Er/3kB, whereEr is the recoil energy. Note that the factor of 1/3 in this
expression comes from the equipartition theorem. The value of∆T is 66 nK and
the corresponding heating rate is 33 nK/s. Along with this essentially slow heating
of the sample, the optical transitions will also cause a loss of atoms from the trap.
The loss rate caused by two-body collisions between atoms in different quantum
states is proportional to the number densityn of the atoms, while the rate due to
three-body recombination is proportional ton2. At high densities, the main loss
mechanism for133Cs will be due to three-body recombinations.

A microscopic magneto-optical atom trap on an evanescent-wave mirror

A microscopic magnetic trap that can be combined with an evanescent-wave mirror
can be created either by a current-carrying conductive or permanently magnetized
structure made of optically transparent material. As in the previous example, the
conductive material may be indium tin oxide. A promising material for the magnetic
structure is a ferrimagnetic bismuth- and gallium-substituted iron garnet, which is
well transparent to light atλ > 600 nm and has high coercivity and remnant mag-
netization. Owing to these properties, a thin film of this material can be uniformly
magnetized and then the magnetization direction can be locally reversed, resulting
in the creation of a strong magnetic field above the magnetization-flipped pattern.
Even patterns with sub-micrometer widths are possible to realize with conventional
magnetic recording methods. We have examined the possibility to selectively mag-
netize such a thin iron-garnet film by exposing it locally to a focused laser beam
(λ = 532 nm) and applying a bias magnetic field from a macroscopic permanent
magnet. We have succeeded in magnetizing narrow strips and dots with a charac-
teristic size of< 5 µm in a 3µm thick iron-garnet layer. Selectively magnetized
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Figure 8: Equipotential contours of the trapping potentialU with a step
of 2 µK above a current-carrying transparent wire for87Rb in (a) high-
field seeking|52S1/2, F = 1,mF = +1〉 state, and (b) low-field seeking
state|52S1/2,F = 1, mF = −1〉. The trap for low-field seeking atoms is
obtained by applying a bias magnetic field along thex axis. [Publication
IV].

films are essentially homogeneous for light, since the refractive index of the mate-
rial does not depend on the magnetization direction. Conductive structures, on the
other hand, should be imbedded in a dielectric layer with equal index of refraction.

In the following we describe a microtrap, where the magnetic potential is created
by a transparent conductor, although a permanently magnetized structure can be
used as well. As with the electro-optical trap in the previous example, the magneto-
optical trap can be created inside a gravito-optical surface trap. The experimental
setup in this case may be similar to the one shown in Fig. 7a, but instead of the
electrodes, the film will contain a current-carrying wire [Publication IV]. Let the
wire be in the simple form of a straight conductive strip. The potential of interaction
of an alkali atom with a static magnetic field, no matter which way it is produced,
and the evanescent wave reads

U =
1

kB

gF mF µB|B|+ λ3

8π2ckB

Γ

δ
I0 exp(−z/Λ), (40)

where, as in Eq. (39),U is expressed in units of temperature. The first term in
Eq. (40) introduces the Zeeman shift given by Eq. (25). The parametergF stands for
the Land́e g-factor,µB for the Bohr magneton,B for the magnetic-field induction,
andmF for the projection of the total angular momentumF on the magnetic-field
direction. The evanescent-wave detuningδ is assumed to be much larger than the
Zeeman splitting of the magnetic energy levels. Figure 8a shows the equipotential
contours ofU with a step of2 µK for 87Rb in the state|F = 1,mF = +1〉 of
the ground state52S1/2 (the high-field seeking atoms) above a current-carrying strip
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located 100 nm below the surface and having a thickness of 200 nm and a width
of 2 µm. The strip carries a current of 0.43 mA. The intensityI0 is equal to6 ×
107 W/m2. The detuningδ and the decay lengthΛ are4500 GHz (∆λ = −9 nm)
and 250 nm, respectively. The trap is 18µK deep and has transverse dimensions
on the order of a micron. The distance of the potential minimum from the surface
is approximately 1µm. The longitudinal size of the trap may be limited, e.g., by
making the strip much wider outside the trapping region.

The trap of Fig. 8b for87Rb in the state|F = 1,mF = −1〉 (low-field seeking
atoms) is obtained by applying a bias magnetic field ofB̃ = 5 G solely along the
x axis. For this trap, the point where the total magnetic field has zero strength is
located below the film surface and, therefore, no Majorana spin flips can occur.
The trap has approximately the same depth and position above the film as the trap
of Fig. 8a. However, the trapping frequency in the horizontal direction near the
bottom is higher,∼ 40 kHz compared to∼ 20 kHz in the high-field seeker trap.
The frequency in the vertical direction is approximately the same in both traps, and
roughly equal to 60 kHz.

The atoms in both microtraps considered are localized in a region of non-zero
light intensity. However, the mean time between optical excitations of the atoms in
the trap is as long as2 s. The optical transitions will nevertheless cause some loss
of atoms from the microtrap due to (1) optical transitions to the untrapped magnetic
substates of the lower hyperfine ground state|F = 1〉 and (2) transitions to the
trapped substates which belong to the upper hyperfine ground state|F = 2〉 (the
atoms in these states will participate in binary hyperfine-state exchange collisions,
which, in the case of high atomic density, will lead to a fast loss of the partici-
pants [140]). At high densities, the loss rate due to the optical transitions will be on
the order of 0.5 s−1. The three-body-recombination loss rateγ3b = L3bn

2 is rather
low for 87Rb due to the smallness of the coefficientL3b, which is on the order of
4× 10−30 cm6/s [141].

4.2 Loading technique based on local phase-space compression

The phase-space density of a trapped atomic sample can be significantly increased
by deforming the trapping potential [26,99,108,142–144]. Particularly high density
values can be achieved by adding a tight and deep potential to a wide trap [26, 99,
108]. In this case, the peak number density, dictated by thedepthof the new trap,
can exceed the initial density by several orders of magnitude. By making thevolume
of the new trap much smaller than the volume of the original trap, one can ensure
the temperature to remain low. This results in a strong local increase of the phase-
space density [26,99,108]. The loading technique described in this section is based
on this effect.
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Loading of a surface-mounted electro-optical trap

For an electro-optical atom trap on an EW mirror (see section 4.1), the loading pro-
cedure may be similar to the one described in Ref. [108]. Let such a trap suddenly
appear within a GOST containing already a cold atomic sample. Both the electric
and optical potentials are independent of atom spins. As a result, the subtrap will be
equally populated by atoms in different magnetic states. If the sample is completely
unpolarized, the phase-space density will be a factor of 3 lower for87Rb and a factor
of 7 for 133Cs than it would be if the sample was spin-polarized. For a moment, we
will ignore this factor and assume that the atoms are all in a single magnetic state.

Being dependent on the number of atoms transferred into the subtrap, the in-
crease of the atomic temperature in the loading process can be small. Denoting the
total number of the atoms byNt, their initial temperature byTi, the effective GOST
volume byVGOST , and the subtrap volume byVst, we can assess the number of
atoms transferred into the subtrap,Nst, and the final temperature,Tf , by solving the
coupled equations

Tf = Ti +
2

3
∆Ust

(
Nst

Nt

− Vst

VGOST

)
, (41)

Nt −Nst

VGOST − Vst

=
Nst

Vst

exp

(
−∆Ust

Tf

)
, (42)

where∆Ust is the subtrap depth in units of temperature. The above equations are
obtained by requiring conservation of energy and assuming a Maxwell-Boltzmann
density distribution for the atoms. For simplicity, both the GOST and the subtrap
potentials are assumed to be square-wells. Let the GOST initially contain2 × 106

atoms of133Cs (the number is as in Ref. [108]) at a temperatureTi of 2 µK (two
times higher than the theoretical one calculated in section 3.2). If the volumeVGOST

is equal to6.4 × 10−12 m3, corresponding to a GOST diameter of 0.8 mm, and the
subtrap volume isVst = 5 × 10−16 m3 (the width of the electrodes is∼ 100 µm),
then, in the case of∆Ust = 13.6 µK, the number of atoms in the subtrap is calcu-
lated to beNst ≈ 6× 104 and the temperature to beTf ≈ 2.3 µK. The local density
of atoms in the microtrap isn0 ≈ 1 × 1020 m−3 and the local phase-space density

Φst ≡ n0

(
h̄
√

2π/MkBT
)3

≈ 0.1. If no efforts are made to spin-polarize the

sample before inserting the subtrap, the phase-space density will be 7 times lower.
Nevertheless, such a high phase-space density is difficult, if not impossible, to reach
in conventional microtraps on current-carrying wires [66, 68, 135, 145] without ap-
plying additional cooling by evaporation. Note that the loading technique in the
latter case would transfer the whole atomic ensemble into the microtrap and, conse-
quently, no similar gain in the phase-space density could take place in the loading
process. We finally note that for efficient loading of a microtrap from a GOST, the



– 28 –

thermalization rate of atoms in the GOST has to be higher than the loss rate of atoms
from the microtrap. In the case considered here, this condition is well satisfied.

Loading of a surface-mounted magneto-optical trap

Let now a magnetic subtrap suddenly appear within the GOST containing a spin-
unpolarized sample of87Rb. We assume the total number of atoms to be the same as
in the previous example,Nt = 2 × 106, and the temperature to be about two times
higher than that calculated in section 3.2, i.e.,Ti = 3 µK. The effective volume
of the GOST is nowVGOST = π(400 µm)2 × 30 µm, where400 µm is the GOST
radius and30 µm is the thermal height of the atomic sample above the evanescent-
wave mirror. For the sake of generality, we denote the magnetic quantum states
of the atoms in the lower hyperfine ground state by|ma〉, |mF = 0〉, and |mr〉,
where the subindicesa andr denote states which are attracted and repelled by the
subtrap, respectively. Thus, independently of the kind of subtrap, the trapped state
is |ma〉. The subtrap depth for this state is assumed to be∆Ust = 18 µK. After the
appearance of the subtrap, the final numberNa and temperatureTf of atoms in the
subtrap can be calculated by solving the following coupled equations

Tf =
1

3
(Ta + T0 + Tr), whereT0 = Tr = Ti, (43)

Ta = Ti +
2

3
∆Ust

(
Na

Nt/3
− Vst

VGOST

)
, (44)

Nt/3−Na

VGOST − Vst

=
Na

Vst

exp

(
−∆Ust

Tf

)
. (45)

Similarly to Eqs. (41) and (42), the above equations are obtained by applying the
law of energy conservation. The Maxwell-Boltzmann density distribution for the
atoms is applied separately to each of the magnetic states. We have also taken
into account the fact that the magnetic field forming the subtrap has no influence
on the atoms in the state|mF = 0〉 and only a minor influence on the repelled-
state atoms. The auxiliary variablesT0 andTr, which are the temperatures that
could be reached by the sample if the atoms were initially spin-polarized into the
|mF = 0〉 or |mr〉 state, respectively, are therefore equated toTi. In the GOST, the
volumeVst of the subtrap has an upper limit of about5 × 103 µm3 corresponding
to the case when the subtrap length is equal to the GOST diameter. In this case,
the number of atoms transferred into the microtrap isNa = 5 × 104, the final
temperature isTf = 3.3 µK, the peak number density isn0 = 1 × 1019 m−3,
and the phase-space density isΦst ≈ 0.01. This value is on the same order of
magnitude as the one calculated for spin-unpolarized atoms of133Cs in the previous
example. However, while initial spin-polarizing of cesium would result in several
times higher phase-space density, it will not significantly influence the phase-space
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density in the present example, since the latter is already at the same high level as
it would be had the sample initially been spin-polarized. The Zeeman splitting of
the atomic energy level,∆EZ , by far exceeds the thermal energy of the atoms. In
the high-field seeker trap of Fig. 8a, it is∆EZ = 20 µK, and in the trap of Fig. 8b,
∼ 100 µK. At a temperature of a fewµK, essentially all atoms in the subtrap are
in a single magnetic state|ma〉. The rest of the atoms are still stored in the GOST,
contributing to the peak phase-space density through keeping the temperature from
increasing. Thus, when using this method, there is no need for spin polarization.

After the loading is completed, the ”thermostat” atoms can be released from the
GOST and the sample in the microtrap can be further processed. A high value of
the phase-space density on the trap bottom enables providing favorable conditions
for efficient evaporative cooling and achievement of Bose-Einstein condensation.

4.3 Thermodynamics of a multicomponent atom sample in a lo-
cally compressed atom trap

In this section we describe in general terms the response of a trapped multi-species
atomic sample to a local deformation in the confining potential (Publication V). In
contrast to a deformation caused by abruptly switching on a subtrap in section 4.2,
the deformations in this section are considered to be inserted or removed adia-
batically. Using the model, which is based on classical statistical mechanics and
thermodynamics, we show that an adiabatically driven deformation may not only
increase the peak phase-space density, but also lower the temperature and spin-
polarize the atoms.

The model

We consider a surface trap, where the atoms are bound to a potential of the form
U(x)+UL(y)+Uh(z), wherex, y, andz are Cartesian coordinates. The dependence
on z is assumed to be harmonic,Uh(z) = Mw2

0z
2/2, with w0 being the trapping

frequency in the direction perpendicular to the surface. In thex andy directions,
the atoms are confined to a slab of lengthl and widthL. We setUL(y) ≡ 0 in the
interval0 < y < L, and choose forU(x) a square potential of heightΠ and widthηl
(η < 1) sitting on a constant-valued potential extending over the interval0 < x < l.
Overall, the potential inside the slab readsUt(x, y, z) = Mw2

0z
2/2+U(x). Figure 9

shows the trap boundaries and the potentialUt(x, y, z) in a plane(x, z) at a fixed
value ofy. This simple model for the trap can produce rather realistic results for the
generic case when a potential is modified by an amountΠ in a fractionη of the trap
volume.

Starting by writing the canonical partition functionZN for an ensemble ofN
identical atoms in the potential described above, we derive the Helmholtz free en-
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Figure 9: (a) The trap boundaries in thex andy directions. (b) The
trapping potential,Ut(x, y, z), in a plane (x, z) at a fixedy from the
interval0 < y < L. In the sketch,Π is negative.

ergyF = −kBT ln ZN and the entropyS = −∂F/∂T . The chemical potential is
found asµ = ∂F/∂N . For the stepwise shape ofU(x), we then obtain the follow-
ing analytical expressions for the one-particle dimensionless entropys = S/NkB,
and for the mean energy per particleε = (F +TS)/NkB and the chemical potential
ξ = µ/kB, both expressed in units of temperature,

s = 3− ln
Φ(T )

1− η + ηe−∆/T
+

ηe−∆/T ∆

T (1− η + ηe−∆/T )
, (46)

ε = ε0 + 2T +
ηe−∆/T ∆

1− η + ηe−∆/T
, (47)

ξ = ε0 + T ln
Φ(T )

1− η + ηe−∆/T
. (48)

Here∆ = Π/kB is the local change of the potential andε0 the potential at the
bottom of the non-deformed trap, both again given in units of temperature. The
peak phase-space densityΦ(T ) in the non-deformed trap and the corresponding
densityn(T ) are found as

Φ(T ) =
2πh̄3w0N

k2
BT 2MlL

, (49)

n(T ) =

√
M

2πkBT

w0N

lL
. (50)

The phase-space densityΦ(T, ∆, η) at the potential minimum within the deforma-
tion and the corresponding densityn(T, ∆, η) can then be obtained from

Φ(T, ∆, η) =
Φ(T )

η + (1− η)e∆/T
, and (51)

n(T, ∆, η) =
n(T )

η + (1− η)e∆/T
. (52)
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In the case of a single atomic species in the trap, an adiabatic change of the
potential is characterized by

s(Ti, ∆i, ηi) = s(Tf , ∆f , ηf ) , (53)

which states the requirement for conservation of entropy. The indicesi andf denote
the initial and final values of the variables, respectively. By solving Eq. (53), one can
find Tf , and subsequently, all the other thermodynamic parameters of the system.

If then two or more atomic speciesk, each in thermal equilibrium in their own
locally deformed potential well, are allowed to exchange energy but not particles,
the final equilibrium temperatureTf of the whole system can be calculated by equat-
ing the initial and final total energies of the system. On the other hand, if the de-
formations are varied adiabatically starting from a common temperature, the final
temperature is found by equating the entropy of the whole system before and after
the transformation,∑

k

sk(Ti, ∆ki, ηki)Nk =
∑

k

sk(Tf , ∆kf , ηkf )Nk . (54)

Next we think of atoms in a particular quantum state as a species thatcanex-
change particles with the other species. We start by considering the case when each
species is initially in its own equilibrium at a temperatureTki, whereafter the ex-
changes of energy and particles equilibrate the whole system. Since the system as a
whole is closed, the total energy is conserved, i.e.,

∑

k

εk(Tki, ∆k, ηk)Nki =
∑

k

εk(Tf , ∆k, ηk)Nkf . (55)

The final state will contain species with equal chemical potentials. Thus, we have

ξk(Tf , ∆k, ηk) = ξk′(Tf , ∆k′ , ηk′) , (56)∑

k

Nkf = N , (57)

wherek andk′ denote different species, andN is the conserved total number of
atoms. The final temperatureTf and the atom numbers for each species,Nkf , are
found by solving Eqs. (55)-(57).

Yet another situation can occur, if the local deformations of the states evolve
adiabatically in an already equilibrated system. Then the chemical potentials of the
subensembles will be equal at each moment of the transformation and the entropy
of the whole system will be conserved. Hence, the equations forTf andNkf are

ξk(Tf , ∆kf , ηkf ) = ξk′(Tf , ∆k′f , ηk′f ), (58)∑

k

Nkf = Nt, (59)

∑

k

sk(Ti,∆ki, ηki,Nki)Nki =
∑

k

sk(Tf,∆kf, ηkf,Nkf)Nkf. (60)
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Figure 10: Decrease of temperature in an atom trap caused by the adia-
batic removal of a subtrap.

This simple model can be exploited to calculateTf andNkf in the processes
considered above. In order to match requirements of a different situation, where
atoms still experience a slowly varying deformation of the confining potential, one
can develop an analogous theoretical model by making use of classical statistical
mechanics and applying a corresponding conservation law of thermodynamics.

Applications

We first consider the possibility to reach a lower temperature in laser cooling by
introducing a small potential well in the trap during the cooling stage and then
adiabatically removing the well after the cooling is complete. This method can be
applied, if the cooling efficiency does not change in the presence of the subtrap and
if the cooled sample can reach thermal equilibrium before the cooling mechanisms
are switched off. These conditions can be satisfied in the evanescent-wave cooling
of atoms in a GOST [97, 99, 105, 108, 120]. Figure 10 shows the final temperature,
Tf (∆i, η), that can be achieved by using a subtrap of initial depth|∆i| (∆i < 0)
and an effective volume characterized byη. The calculations are done with the aid
of Eq. (53), where∆f is set to 0 and bothηi andηf are replaced with the same
parameterη. For generality, we use the dimensionless variablesη and |∆i|/T0,
whereT0 is the initial temperature [T0 ≡ Ti ≡ Tf (∆i = 0)]. The calculations show
that after cooling of the atoms in the presence of a small subtrap, the temperature
may be decreased by an additional order of magnitude by slowly switching the
subtrap off. The dependence ofTf (∆i, η)/T0 on the relative size of the subtrap can
be explained as follows. When the subtrap is slowly removed, each atom initially
confined in the subtrap converts a part of its kinetic energy into the potential energy
determined by the initial depth of the subtrap. Thus, at small|∆i|/T0, the method
works better with a larger subtrap, since it initially holds more atoms. When|∆i|/T0

is increased, more atoms turn out to be transferred into the subtrap in the course of
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Figure 11: Increase of the peak phase-space density of trapped atoms
caused by adiabatic insertion of a subtrap.

cooling. Then, at a certain value of|∆i|/T0, a majority of the atoms end up to be in
the subtrap. In this case, a smaller subtrap is superior. We should note, however, that
it is not always possible to create such a deep and small subtrap. Moreover, tight
confinement can lead to an inappropriate increase of the loss rates due to inelastic
interatomic collisions. Therefore, optimal values for the parametersη and|∆i|/T0

should be chosen depending on the particular experimental conditions. Once the
parameters are selected, Fig. 10 can be used to evaluate the expected temperature.

In the next example we calculate the peak phase-space density of atoms in a trap
with an adiabatically inserted subtrap [143]. This density,Φ(∆f , η), normalized to
its original valueΦ0 = Φ(∆f = 0) is shown in Fig. 11 as a function of|∆f |/T0,
the final depth of the subtrap over the initial temperature, for a few values ofη,
the volume ratio. The calculations are carried out using Eq. (53) with∆i = 0
andηi = ηf ≡ η to find Tf , and Eq. (51) to findΦ(Tf , ∆f , η) ≡ Φ(∆f , η). The
results agree well with the experiments of Ref. [108], where the phase-space density
was locally increased by two orders of magnitude by using a “dimple” trap within a
GOST. It is important to note that when applying a deep and small subtrap, the factor
by which the phase-space density increases is essentially independent of whether
the insertion of the subtrap is adiabatic or not. Abruptly turning on a microscopic
electro-optical atom trap, as discussed in section 4.2, will result in a local increase of
the phase-space density by the same order of magnitude. Thus, in order to roughly
assess the phase-space density in a tight and deep subtrap, one can directly use
Eqs. (41) and (42).

Figure 11 shows that at each fixed value ofη, there is an optimum value of
|∆f |/T0, at which the phase-space density reaches its maximum. Above this value,
the number of atoms transferred into the subtrap becomes too large, so that the rest
of the atoms in the trap can no longer keep the temperature at the same low level.

Still another example introduces the case when a spin-independent atom trap
is locally deformed with a magnetic field. In a dipole trap containing, e.g., spin-
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Figure 12: Increase of the peak phase-space density of atoms in a par-
ticular magnetic state due to adiabatic deformation of the trap with a
static magnetic field.

unpolarized87Rb atoms in the lower hyperfine ground state, the magnetic field splits
up the sample into three species characterized by the magnetic quantum numbers
mF = {−1, 0, +1}. When the trap is deformed with a locally high magnetic field
(see the trap in Fig. 8a of section 4.2), the atoms withmF = +1 are attracted to the
deformation, while atoms withmF = −1 are repelled from it. The deformation can
also be created by using a magnetic-field minimum, which will attract themF = −1
atoms (see the trap in Fig. 8b). Independently of the deformation type, there will
be three species (k = 1, 2, 3) which initially had∆ki = 0 and after the deformation
∆kf = {−∆f , 0, +∆f}, where now∆f is chosen to be positive. All the parameters
ηki stay at their initial values which are the same for all the species,ηkf ≡ η.

Let us denote the initial temperature byT0, and the initial phase-space density,
which is equal for all the species, byΦ0. We calculate the enhancement of the
phase-space density,Φ(Tf ,−∆f , η)/Φ0, for the species with∆kf = −∆f , consid-
ering three different cases. In thefirst casewe assume that the exchange of energy
between the species occurs much faster than particle exchange, and ignore the latter
altogether. We simply apply the conservation of entropy in Eq. (54). In thesec-
ond case, we allow the equilibration of atom numbers to follow the equilibration
of temperature. We solve Eq. (54), and then replace allTki in Eqs. (55) and (56)
with the obtainedTf . Then, by solving Eqs. (55)-(57), we find new values forTf

and the atom numbersNkf . In the third casewe allow the system to be in total
equilibrium (thermal and chemical) at each moment of the transformation, and use
Eqs. (58)-(60) directly. When the phase-space density increases substantially for
the species attracted toward the deformation,Φ(Tf ,−∆f , η) À Φ0, the results for
the three scenarios turn out to be almost indistinguishable. In Fig. 12 we show a
plot corresponding to the first case. The dependence ofΦ(Tf ,−∆f , η)/Φ0 on the
parametersη and∆f/T0 is similar to the dependence illustrated in Fig. 11 for a
single species. However, here the factor by which the phase-space density increases
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Figure 13: Spin polarization of atoms in a dipole trap due to adiabatic
deformation of the trapping potential with a static magnetic field.

is about three times larger, as if the sample was spin-polarized at the temperature
T0 prior to applying the magnetic field. This is exactly the effect discussed in the
second subsection of section 4.2, where loading of atoms into a surface-mounted
magnetic microtrap is discussed.

Our final example describes a method to spin-polarize atoms without increasing
the temperature. Let atoms in a ground state with three magnetic substates be stored
in a dipole trap in the presence of an external magnetic field. The magnetic field
splits the initial degeneracy of the species by moving apart the magnetic energy lev-
els by an amount larger thankBT0. However, if an rf field tuned into resonance with
the splitting is used to accelerate the equilibration between the species, the degener-
acy is restored as far as thermodynamics is concerned. Next, a local magnetic-field
deformation is inserted adiabatically. The final atom numbersNkf of the three mag-
netic states can be found by solving Eqs. (58)-(60) withηki = ηkf ≡ η, ∆ki = 0,
and∆kf = {−∆f , 0, +∆f}. The dependence of the normalized populationN1f/Nt

(k = 1 corresponds to the state deformed by−∆f ) on η and∆f/T0 is plotted in
Fig. 13. The result shows that the use of a deformation with a large relative vol-
ume,η, and/or a large relative strength,∆f/T0, can provide nearly complete spin
polarization of the atoms. By switching off the rf field and slowly removing the
deformation, one can then return the trap to its initial shape and the sample to its
initial temperature, but with the atoms occupying a single magnetic substate. We
note that decoupling of the magnetic states by switching off the rf field leads to
an essential change of the system, because the rest of the transformation proceeds
without equilibration of the magnetic-state populations. The disappearance of the rf
field does not affect the spatial profiles of the magnetic energy levels and, therefore,
the temperature at this stage remains unchanged.

The above examples show that by allowing transitions between the Zeeman
states of the atoms in conjunction with adjustments of the shape of the atom trap,
flexibility can be added to the preparation of an atomic sample in a microtrap that
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can be part of an “atom chip” [60]. Such an atom chip could be made on a transpar-
ent substrate and contain not only magnetic microtraps, but also static electric and
all-optical traps. A gravito-optical surface trap could then serve as an initial source
of atoms and as the trap to be locally modified.
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5 Summary and discussions

In this thesis, we have described certain general aspects of trapping and cooling
of neutral atoms on an evanescent optical wave. In particular, we have investi-
gated the influence of multiple reabsorption of resonance-frequency photons in an
evanescent-wave cooled atom sample on the final temperature and phase-space den-
sity. We found that, if the atoms are subjected to an on-resonance repumping, the
final temperature becomes an increasing function of the number of atoms, while the
phase-space density shows a well-established maximum. After passing this max-
imum, the phase-space density starts to decrease due to heating of the atoms by
spontaneously emitted photons which are multiply reabsorbed in the sample before
escaping from it. The results of this study have a straightforward practical applica-
tion. If, for example, the loss rate of atoms within the cooling stage is known, one
can achieve a maximum possible phase-space density by selecting the initial num-
ber of atoms to be larger than the optimum number by a fraction expected to be lost
during the cooling. The maximum possible value of the phase-space density can
in turn be increased by reducing the trap size or, alternatively, by using a repumper
which is not based on spontaneous emission following resonance excitation of the
atoms.

As regards of realization of a steep ring-shaped potential barrier for the lateral
confinement of atoms on an evanescent-wave mirror, the thesis introduces a simple
optical system, consisting of a nematic liquid crystal and two lenses, which is able
to produce a thin-walled hollow laser beam of tunable cross-sectional dimension
and peak intensity. This optical system may be employed not only in trapping and
guiding of atoms, but also in manipulation of microscopic objects and in material
testing.

In the thesis, we have described several basic designs of surface-mounted mi-
croscopic atom traps built on an optically transparent substrate. The transparency
of the substrate enables unimpeded control of the external and internal degrees of
freedom of atoms with laser light. In particular, loading of atoms into the microtrap
can be realized by making use of a gravito-optical surface trap. We have described
here a loading technique based on local phase-space compression, which allows
the phase-space density in the microtrap to exceed the level of10−2. This value
is several orders of magnitude higher than the one typically achieved in loading of
conventional traps on current-carrying wires. When loading a magnetic microtrap
with atoms, initial spin polarization of the sample as a way to increase the phase-
space density is not necessary. We showed that, independently of whether the in-
sertion of the microtrap into the GOST is adiabatic or not, the phase-space density
reaches essentially the same level as if the sample was originally spin-polarized.
This is explained by the fact that the “wrong-polarized” atoms contribute to the lo-
cal phase-space density of the trapped-state atoms through retaining the temperature
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of the “heat bath”.
Besides a purely magnetic trap for low-field seeking atoms, the method we

have put forward allows realizing a low-field seeker trap combined with a repul-
sive evanescent wave. In contrast to the traditional traps where the Majorana spin
flips are prevented by applying a magnetic field in the direction parallel to the wire,
the trap on an evanescent-wave mirror does not require such a field component.
Thus, by using paired wires with co-directed currents one can completely remove
the necessity of an external magnetic field and create atom guides with essentially
arbitrary in-plane geometry. A high-field seeker trap, also introduced in the thesis,
provides the same opportunity without doubling the wires. In addition, such a trap
can store atoms in their most stable true ground state.

If a magneto-optical or pure magnetic trap is created on a selectively magne-
tized thin film made of a high-coercivity iron garnet, the magnetic-field fluctuations
become significantly reduced. It would also be possible to erase a former magneti-
zation pattern on the film and record a new one, which will conveniently allow the
same device to be used for testing different trap configurations.

In the thesis, we have also described the basic principles of a microscopic
electro-optical trap. This trap can store both unpolarized atom samples and samples
polarized into a particular magnetic state. Using the electro-optical trap, one can
magnetically tune the interactions between the atoms without affecting the confin-
ing potential. In contrast to an all-optical microtrap created in a GOST by a vertical
infrared laser beam [99, 108], our trap can be designed to tightly confine atoms in
all three directions or to serve as an atom guide with micrometer-scale transverse
dimensions.

In order to investigate the possibilities to manipulate atomic states by making
use of an adiabatically driven local deformation of the trapping potential, we have
proposed a simple, but rather generic theoretical model which is based on classi-
cal statistical mechanics and thermodynamics. Providing the possibility to describe
multi-species atom samples, the model allows for different responses of the species
to a deformation and for both thermal and chemical equilibration. We have demon-
strated how a local deformation of the confining potential may decrease the temper-
ature, increase the phase-space density of atoms in a particular magnetic state, and
spin-polarize the atoms in an initially spin-independent trap without increase in the
temperature.

Experimental verification of these proposals is currently in progress in our labo-
ratory. In particular, the construction of equipment to demonstrate trapping of87Rb
in a low-field seeker microtrap on a selectively magnetized iron-garnet thin film is
in the final stages and repeated writing of magnetization patterns has already been
achieved. In the future, this trapping technique may be used for creation of Bose-
Einstein condensates and for realization of a gas of “impenetrable bosons”. We
believe that the rewritable permanent-magnet patterns on a metal-free transparent
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substrate will provide an extra flexibility and stability for the experiments.
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Abstracts of Publications I-V

I. We present a simple method to convert a Gaussian laser beam into an annular
beam using a homeotropically oriented nematic liquid crystal. The method
allows creation of a beam with sub-millimeter diameter and a width of a few
tens ofµm for a propagation distance of more than 10 mm. High spatial
gradients in the radial intensity distribution make the beams promising for
use in atom trapping and guiding.

II. We show that multiple reabsorption of resonance-frequency photons in a cloud
of evanescent-wave cooled atoms can have a significant influence on the cool-
ing efficiency and maximum value of the atomic phase-space density.

III. We put forward the idea of a surface-mounted microscopic electro-optical
atom trap. The trap is formed on an evanescent-wave atom mirror by the
strongly localized static electric field of two oppositely charged transparent
electrodes placed close to each other. The electrodes are embedded in a
refractive-index-matched thin dielectric layer on the surface of a glass prism.
In our example, the phase-space density in the trap center reaches 0.1, when
the trap is loaded with atoms from a gravito-optical surface trap.

IV. We describe a method for obtaining a high phase-space density of alkali atoms
in a surface-mounted microscopic atom trap created above a transparent con-
ductor or permanent magnet on a substrate prism. We show that the peak
value of the phase-space density can locally reach the level of∼ 10−2 when
the microtrap is loaded with atoms from a gravito-optical surface trap. Initial
spin polarization of the atoms is not required.

V. We use classical statistical mechanics and thermodynamics to describe the
response of a trapped multi-species atomic sample to a local deformation in
the confining potential. An adiabatic deformation may not only increase the
peak phase-space density, but also lower the temperature and spin-polarize
the atoms.
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