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Abstract

Thesis title: Cold atom physics: trapping methods and detection schemes.
Author: Thejesh N. Bandi

The work presented in this thesis is concerned with the manipulation of laser-
cooled rubidium atoms and the detection of small numbers of cold atoms using very
sensitive light detectors. Laser-cooled atoms are atoms that have been slowed to very
low velocities, corresponding to temperatures of the order of 100 pK, and they can
be trapped in magnetic and/or optical traps. The advantage of using cold atoms for
experiments in atomic and quantum physics stems from the fact that these atoms
are effectively confined within a region of space and this provides longer interaction
and observation times compared to atoms at room temperature. Hence, it is possible
to explore and observe a number of effects that would otherwise be extremely chal-
lenging. The achievement of laser cooling and trapping of neutral atoms was a major
breakthrough in the mid 80’s and has resulted in significant advances being made in
modern spectroscopy, the realisation of Bose-Einstein condensation, atomic clocks,
and quantum information technologies amongst others.

In particular, the work focuses on two theoretical proposals for developing micro-
traps for cold rubidium atoms involving (i) ultrathin optical fibres and (ii) wavelength
sized apertures in thin films. In addition, a number of experimental techniques are
explored with emphasis on the detection of small numbers of atoms near ultrathin

optical fibres using both avalanche photodiodes and single photon detectors. A study
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on the interactions between atoms and photons is crucial for a full understanding of
quantum mechanical processes at the few atom scale and detection schemes sensitive
to very low levels of fluorescence from the laser-cooled atoms are vital for attaining
this goal. Finally, an experimental study on the design and fabrication of arrays of
silica microdisks, that could be used for facilitating interactions between cold atoms

and photons, is presented.
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Introduction

The achievement of laser cooling and trapping of neutral atoms has enabled significant
progress in modern spectroscopy, including the realisation of Bose-Einstein conden-
sates (BEC) [1], atom interferometry [2], atomic clocks [3], atom lithography [4] and
quantum information technologies [5]. The manipulation of cold, neutral atoms [6]
plays an important role in the development of atom optics experiments [7]. Therefore,
methods to trap cold atomic ensembles is a significantly important task. Techniques
adapted from microtechnology can be used to manipulate cold atomic samples [8]. A
microfabricated atomic chip is one example of such an implementation. Cavity quan-
tum electrodynamics (QED) experiments have also become feasible through the use
of microfabricated elements and quantum information processing should be possible
through the experiments of cavity QED [9]. Hence, the study of interactions between
single atoms and single photons has become a reality.

The development of very sensitive detectors [10] is also crucial for the advancement
of quantum technologies based on atom plus photon interactions. Solid-state single
photon detectors are the backbone for experiments involving the detection of single
photons.

The work presented in this thesis is concerned with the manipulation of cold
atomic samples. It mainly deals with trapping mechanisms using detuned laser ra-
diation and, also, the detection schemes for low light levels when an atom interacts
with the light field.

Chapter 1 consists of an introduction to the history of laser cooling. Cold atoms

generally means the range of temperatures one million times colder than that of



room temperature, ~ 100 pK. In this chapter the principle behind laser cooling and
magneto-optical trapping of alkali atoms will be briefly described.

Chapter 2 is a theoretical discussion about how to trap cold atoms using a tapered
optical fibre. A tapered optical fibre is a modified single mode fibre. When light is
coupled into one end of the fibre, there is a significant amount of the field, which
propagates outside the fibre boundary at the tapered waist. This field is rapidly
decaying and is called the evanescent field. Typically, the tapered diameter is in the
submicron range. Atom + photon interactions can be studied by placing a tapered
optical fibre into a trapped sample of atoms. Any cold atoms close to the surface of
the optical fibre will experience a van der Waals force and this is also considered in
the theory.

Chapter 3 presents a novel technique for trapping cold atoms by a diffracted light
field. The diffracted field considered is formed by near-field Fresnel diffraction at
circular apertures. The apertures are of a size exceeding the optical wavelength. The
field distribution in the vicinity of an aperture in a thin screen is analysed and the
appropriate trapping parameters for rubidium and caesium atoms are discussed.

In Chapter 4 some experimental details are provided. A technique for coupling
light into single mode fibres (SMF) is discussed. The chapter also deals with the
use of avalanche photo detectors (APD). An APD fabricated in Tyndall National
Institute is characterised and analysed for its use. A Geiger mode condition, in which
these APDs can act as single photon detectors, is also discussed in brief. Other single
photon detectors are also characterised to test their feasibility for the detection of
light emissions from cold atoms.

The final chapter in this thesis, Chapter 5, concentrates on techniques for fab-
ricating whispering gallery mode (WGM) microcavities. This chapter is based on
work carried out within the Tyndall National Institute’s National Access Programme
(NAP112). Fabrication process flow for the microcavities is discussed in detail. A
comparison between dry- and wet-etching techniques is also presented. A possible

experiment to measure the Q-factor of these disks is proposed. Finally, a conclusion



to the work presented within this thesis is provided.



Chapter 1

The Magneto-Optical Trap

1.1 Introduction

It has been more than 20 years since the first magneto-optical trap (MOT), combining
laser cooling and magnetic trapping of atoms, was demonstrated. The achievement of
laser cooling and trapping enabled significant progresses in modern spectroscopy [11],
time and frequency standards [12], the realisation of Bose-Einstein Condensation
(BEC) [1].

A brief history of atom manipulation using light forces, which led to the awarding
of two Nobel Physics prizes to six individuals in the field of laser cooling and Bose-
Einstein condensation, follows. In 1975, the first proposal to cool neutral atoms was
presented by Hansch and Schawlow [13]. In 1976, a demonstration of atom manip-
ulation using light forces was made [14]. Later, in 1985, Phillips et al. showed that
atoms can be trapped in a magnetic trap [15]. In the same year, Chu et al. trapped
atoms in a focussed laser beam [16], as proposed by Ashkin [17]. Subsequently, Raab
et al. [18] developed the magneto-optical trap (MOT) for sodium atoms. In 1988,

sub-Doppler cooling was observed by Lett et al. [19] and explained by Dalibard and
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Cohen-Tannoudji [20]. It took several more years until Bose-Einstein Condensation
(BEC) was demonstrated in an alkali gas of rubidium by Anderson et al. [1] Davis
et al. [21] in sodium atoms, and Bradley et al. [22] in lithium. In 1997 the Nobel
prize in Physics was awarded to S. Chu, W. D. Phillips and C. Cohen-Tannoudji for
the development of laser cooling techniques and the 2001 Nobel prize in Physics was
awarded to E. Cornell, C. Wieman and W. Ketterle for their use of laser cooling to
achieve BEC in dilute atomic gases.

For an introduction to the principles behind laser cooling and trapping the reader
is referred to [23]. In this chapter, some of the principles behind the MOT are briefly

discussed.

1.2 Laser Cooling

The acceleration undergone by an atom irradiated by a laser can be calculated in the
following way. Each time a photon of wavelength Ay is absorbed by an atom, due to

momentum conservation, the atomic velocity changes by the recoil velocity, v, e,

hkr,

oo = L 1.2.1
Uree = (12,1

where k;, = 2w /A, and M is the mass of the atom. Typically, for alkali atoms, v,
varies between 3 and 30 mms~'. The acceleration experienced by an atom irradiated
by light is determined from a = I'v,... Since the scattering rate for photons is
approximately the inverse of the excited state lifetime, I'"* ~ 30 ns, it follows that,

2 = 10* g. This force exerted by light on an

typically, for alkali atoms, a = 10° ms™
atom is four orders of magnitude larger than the gravitational force.

In principle, atoms are in continuous motion, and therefore the moving atoms do



not see the laser beam at the same frequency as in the laboratory frame of reference.
Doppler cooling was first suggested in 1975 by Hénsch and Schawlow [13]. It is
based on the fact that the laser frequency is shifted for a moving atom by —k.v,
with a negative detuning (i.e., the laser frequency is detuned less than the resonance
frequency between the ground and excited states) 6 = wy, — wo < 0. The radiation
pressure is stronger for atoms with a velocity opposite to the laser wave vector i.e.,
kv < 0, so that the momentum transfer Ak is opposite to its velocity v and slows
down the atom. For further details on the processes involved in laser cooling the
reader should refer to [23].

The radiation pressure force for a plane wave has the expression

r S
I 1.2.2
pr 21+ShL (1.2.2)

where I is the excited state life-time of the atom, S is the saturation parameter and
k; is the momentum of the laser-wave. We can define a saturation parameter, S,

given by:
2
_ % (1.2.3)
1

where €2 is the Rabi frequency, If the two counter-propogating laser waves incident on
an atom have the same intensity and the same frequency, and are slightly detuned to
the red of the atomic transition frequency (wy, < wa), then the two forces on the atom
at rest exactly balance each other and the net force is equal to zero. For a moving
atom, the apparent frequencies of the two laser waves are Doppler shifted. The
counter-propagating wave becomes closer to the atomic resonance, thereby exerting

a stronger radiation pressure than the co-propagating wave, which goes farther from

the resonance. Fluctuations of the force give rise to a diffusion in momentum space



and to heating. The two processes in competition -cooling and heating- leads to a
Doppler limit temperature.

It can be shown that the temperature reached by laser cooling for two-level atoms
is determined by I'. The exact value of the minimum temperature which can be
reached is given by kgTp ~ hI'/2 [24], where kp is the Boltzmann constant, and Tp
is called the ‘Doppler limit temperature’. T is on the order of 140 uK for rubidium
(Rb), 125 pK for Caesium (Cs), and 240 pK for sodium (Na). The corresponding

velocity can be calculated as, v=+/kgTp/M = \/hU'/2M . For Rb, it is 12 cms™!. In
fact, when the measurements became precise enough, it was seen that the temperature
in optical molasses was much lower than predicted. This indicates that other laser
cooling mechanisms, more powerful than Doppler cooling, are operating. In fact,
there exist cooling mechanisms resulting from an interplay between spin and external
degrees of freedom, and between dispersive and dissipative effects, called “Sisyphus

cooling” or “polarization gradient cooling” [20].

Figure 1.1: Fluorescence of counter-propagating beams. MOT at Quantum Optics

Group, Cork.



Optical molasses was first observed by Chu et al. [16] The reason why the name
optical molasses was coined, in the words of Chu himself (as he said in his Nobel
lecture): “The name optical molasses takes on a more profound meaning with this
new form of cooling. Originally, I conceived of the name thinking of a viscous fluid
associated with cold temperatures: ‘slow molasses in January’. With this new un-
derstanding, we now know that cooling in optical molasses has two parts: at high
speeds, the atom feels a viscous drag force, but at lower speeds where the Doppler
shift becomes negligible, the optical pumping effect takes over. An atom sees itself
walking in a swamp of molasses, with each planted foot sinking down into a lower
energy state. The next step requires energy to lift the other foot up and out of the
swamp, and with each sinking step, energy is drained from the atom”.

Note that cooling the atoms does not restrict them to a region of space, a magnetic
field must be applied to provide the trapping potential. The details of this technique

are briefly explained in the following section.

1.3 Magneto-Optical Trap (MOT)

Doppler cooling enables a quick cooling of the atoms. However, the atoms are not
trapped and may leave the laser beams and be lost. Therefore, in order to trap the
atoms in space, a magnetic field is incorporated into the system by the addition of
two Helmholtz coils in anti-Helmholtz configuration i.e., the current in the two coils
circulate in the opposite directions to each other. This provides a zero magnetic
field region where the cooling laser beams intersect each other. In a one dimensional
configuration, as first suggested by Aspect et al. [25], the two counter-propagating

light waves, which are detuned to red (wp < wa) and which have opposite circular



polarizations, are in resonance with the atom at different places. This results in a
restoring force towards the point where the magnetic field vanishes. Furthermore, the
non zero value of the detuning provides Doppler cooling. In fact, such a scheme can
be extended to three dimensions and leads to a robust, large and deep trap called the

“magneto-optical trap” [18].

1.4 Conclusion

The 3-D MOT, along with optical molasses, has become an important tool in neutral
atom laser cooling. The trap can collect slow atoms from a thermal distribution
of a vapour cell [26], and is able to concentrate the atoms so much that collisions
and radiation pressure exerted by the atoms’ fluorescence are factors limiting the
achievable density [27]. In 2-D the MOT has been used as an ‘atomic funnel’ to
concentrate sodium atoms both with near zero longitudinal velocity [28] and in an
atomic beam with 50 ms™! longitudinal velocity [29]. Typically, the number of atoms

in a cold cloud of alkali atoms is ~ 107, with cloud dimensions of the order of mm?.



Chapter 2

Trapping of cold atoms using
tapered optical fibres - Theory

2.1 Introduction

The manipulation of cold, neutral atoms plays an important role in the development of
atom optics experiments. Current-carrying wires [30] and hollow-core optical fibres
[31] are viewed as some of the simplest configurations that can be used for atom
trapping and guiding. There are also proposals to trap and guide atoms outside an
optical fibre. This technique relies on the presence of an evanescent field that extends
beyond the surface of an optical fibre and is optimised for subwavelength-diameter
fibres [32,33]. In this chapter, the theoretical aspects of trapping cold atoms around
a tapered optical fibre will be discussed.

The majority of experimental research involving laser-cooled atomic samples deals
with either caesium or rubidium isotopes, due to the ease with which appropriate
lasers for the cooling transitions can be obtained. With the advent of laser cooling

techniques [16], it has become possible to routinely produce cold atomic samples
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in the research laboratory. The aim of our research is to study the interaction of
laser cooled atoms with the evanescent field outside an optical fibre. The following

theoretical estimations are based on '33Cs and ®*Rb samples.

2.2 Evanescent Field outside a Tapered Fibre

Tapered optical fibres can be produced by heating and pulling single-mode optical
fibre to a very fine waist [34], ensuring that the adiabatic criteria for lossless trans-
mission is obeyed [35]. By decreasing the fibre waist diameter, d, to the submicron
range, the taper transition transforms the local fundamental mode from a core mode
in the non-tapered region to a cladding mode in the tapered region, leading to guided
modes with a significant evanescent field outside the tapered area of the fibre [36].
The evanescent field decays exponentially with distance from the fibre. There are
many applications of evanescent waves for laser-cooled atoms , including atom mir-
rors [37-39], traps and guides [40]. Review articles can be found in [41,42].

The trapping potential shape for an atom is defined by the rigid surfaces e.g.
prisms or fibres, around which the evanescent field is formed. Guiding of atoms inside
the core of hollow optical fibres has previously been demonstrated [43-45]. However,
the method of guiding atoms inside a fibre increases the kinetic energy of the atoms
by collisions, thereby increasing the temperature of the cold atoms. The proposal
to trap cold atoms outside the tapered part of an optical fibre [32,33] removes this
limitation.

The evanescent decay length, A, is dependent on the fibre tapering and can be
calculated using an approximated formula of the fibre eigen-value equation [46].

—-1/2

A = [k*n; —2.405/a®] 7, (2.2.1)
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where k is the wave vector given by k = 27/A, X is the wavelength of the input laser
light, a is the radius of the fibre taper and 7, is the refractive index of the core of the
fibre. An important thing to note here is that, in a tapered fibre, the cladding itself
behaves as core and the outer atmosphere(air or vacuum) behaves as the cladding for

an evanescent wave. Hence, one take 7y as the refractive index of the cladding. One
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Figure 2.1: Penetration length, A, of the evanescent wave against the wavelength, \,
of the light field for various values of the fibre radius, a. The refractive index of silica

is 7y = 1.45 and that of air is ny = 1.

can approximate the decay length of the evanescent wave as [47]

A= (2.2.2)

In Fig. 2.1/the decay length is plotted as a function of wavelength for different tapered

radii. If one considers the light propagating through the fibre to be on resonance with
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the rubidium cooling D2-transition, 55 oF" = 3 < 5P3/2F' = 4, then, A ~ 780 nm.
For a taper radius of a = 0.5 um one can see from Fig. 2.1, that the evanescent wave

will extend ~ 0.15 pm beyond the fibre surface.

2.3 Atom in an Optical Field

A fibre-based method for microscopic trapping and guiding of individual atoms has
already been proposed [32,33]. The advantages of the scheme are the following: (i)
localization of atoms to a subwavelength region, (ii) high efficiency to detect individual
atoms, (iii) high accessibility to the trapped atoms, and (iv) achievement of strong
coupling between light and matter. In order to have control over the fibre trap
and also to be able to manipulate an atom in the evanescent field one should know
the optical response of an atom in a near-resonant field. When an atom interacts
with near-resonant light, one must consider both absorption and scattering. The
cross-section is an important parameter which determines the amount of interaction
between the atom and the light field.

By considering a two-level atom, the cross-section, o, depends only on the transi-
tion frequency between the two levels such that

3\2
o= 2—; (2.3.1)
where )\ is the wavelength corresponding to the energy separation between the two
levels. A strong transverse confinement of the field in a waveguide enables the scat-
tered photons from an atom to couple to the guided modes of the fibre [48]. An

experimental investigation into the fluorescence photons from a cloud of cold atoms

coupled into the guided modes of a tapered fibre has recently been demonstrated [49]
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and a theoretical investigation of the correlations of the photons emitted into the
nanofibre by atoms has been done [50]. The strong confinement of the guided modes
of the fibre enable the scattered photons from atoms to couple efficiently into the
fibre.

An earlier theory [51], neglected the geometric specifications of the waveguide and,
thereby, the strong confinement of the guided modes. The thin thickness of a nanofibre
and the difference between the refractive indices of the silica core and the vacuum
clad can substantially modify the polarisation properties and intensity distribution
characteristics of the field [50]. Modification of the spontancous emission of the atom
due to the presence of the waveguide was also not considered. Such a modification
could arise due to short-range forces between the atoms and the fibre surface [52].
Furthermore, the multilevel structure of a real atom modifies the absorption and
scattering characteristics [53]. All these factors must be included in a systematic
treatment for the interaction of an atom with a near-resonant light field in the close
vicinity of a nanofibre.

The question to be addressed is, can one measure the photons which are coupled
to the guided modes of the fibre? To have a reasonable estimate of the cycle-averaged

Poynting vector of the light propagation is considered, which is given by
1
S = §R6(E x H), (2.3.2)

where E is the electric field and H is the envelope of the magnetic component of the
field. In cylindrical coordinates, the longitudinal, tangential, and radial components
of the vector, S, can be written as S,, Sy, and S,, respectively. For guided modes of
fibres, the radial component, S, = 0, since the light field is confined in the fundamen-

tal mode of the fibre. Note that a very small input power into the fibre can produce
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a substantial intensity at the tapering because of the reduction in surface area [54].

The saturation intensity, Ig, [55] can be calculated as

_ 2m%heyy

I¢ = —— 2.3.3
S 3)\3 ) ( )

where i = h/27, 7y is the upper-level population decay rate of the atom, and )\ is the
resonant transition wavelength. For 8°Rb, vy = 5.98 MHz and by considering the D2
transition, one gets that, Is = 1.6 mW/cm?. The saturation intensity is, therefore,
comparable to the intensity of the field around the fibre even when a very low power
of the order of pW [54] is coupled into the fibre as a probe beam.

The propagation power, P,, along the transverse plane of the fibre is determined as

the integral of S,, the longitudinal component of the Poynting vector, such that [56]

27 0o
P, = /dcp/ rS.dr. (2.3.4)
o 0

The flux of photons along, z-axis, n,, is given by

(2.3.5)

where hw = E, is the energy of photons in, zdirection.

Since the evanescent field, E, around the fibre has a substantial longitudinal com-
ponent, E_, the quantities P, and n. do not represent the total amount of energy and
the number of photons incident into the atom per unit time. Instead, these quantities
characterize only a part but not the whole field acting on the atom. However, the
propagation power, P,, is conserved along an adiabatically tapered fibre provided the
loss of the field is negligible. Therefore, P, can be measured experimentally at the
end of such a fibre. To measure such a low light level of pW or less one needs to

adopt a very sensitive detection scheme. In our experiments, we use avalanche photo
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detectors (APDs) and, for signals lower than pW of power, we use APDs in Geiger
mode. These act as single photon detectors (SPDs) and are discussed in detail in
Chapter 4 .

As a quantitative analysis, we calculate the number of photons available for de-
tection by taking an example. In other words, let us examine the number of atoms
responsible for the photon signal that is to be detected using a photon counter. At
this point we will get an idea of the important detection parameters for the future
experiments. Let us assume that the light coupled into the fibre is on-resonance with
the atomic cooling transition i.e. (5251 )5(F = 3) — 52Pyo(F = 4) transition), with
wavelength A = 780 nm. For this transition, the natural linewidth is 2y = 27 x 5.98
MHz and the saturation intensity is Is = 1.6 mW /cm? [57]. When the cold atoms
come near the evanescent field, the atoms absorb some of the resonant light and
re-emit light at the same frequency. These scattered photons couples back into the
fibre [48], and are subsequently detected.

Consider a cold atomic cloud of radius, » = 1.5 mm, with the number of atoms in
the cloud given by, N o = 10% atoms. The volume of the cloud, Vg = 4.2 x 107

m? is calculated by,

4
‘/cloud = gﬂ-rg

(2.3.6)

For a tapered optical fibre of radius, a = 0.5 pm, from Fig. 2.1/ one can see that the
evanescent decay length, A = 0.15 um. The volume of the evanescent field, V.4, is
calculated as,

‘/;van - WZ(R% - R%) (237)

where [ = 2 mm is the length of tapering, Ry = 0.65 pum is the distance from the

center of the fibre to the 1/e value of the evanescent field, and Ry = 0.5 um is the
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distance from the center of the fibre to the surface. By using the above values one
gets, Vipan = 1.1 x 10716 m3,

When the tapered fibre is inside the cold cloud, the number of atoms interact-
ing, N;,:, in the small volume of the evanescent field at any instant of time can be

calculated as,
‘/evan

‘/cloud

Nint = Ncloud (238)

By substituting the values for V.yun, Viouws and Ngowd, we get, Ny, = 2.6 atoms.
Therefore, the signal is very weak and one needs a photon counter to detect the
photons emitted by atoms and it will be essential to average the results in order to
obtain better signal to noise ratios. On contrary, an averaging of few thousand cycles
in the signal can give better results. Therefore, in order to obtain a reasonable signal
it will be important to increase the density of the MOT and decrease the radius of the

fibre. By controlling these two parameters, one can get a better signal for detection.

2.4 Influence of the van-der-Waals Potential

The van der Waals force is a natural, attractive force that arises when atoms approach
a surface and its influence must also be considered, in addition to the optical potential.
Initially, the calculations by Balykin et al. [33] were replotted to determine at what
distance from the fibre surface the van der Waals force is influential. The van der
Waals potential energy, V;, associated with the fibre surface-atom interaction can be

written as

V= ——4 (2.4.1)

where (5 is the van der Waals coefficient for the atomic species under investigation, r

is the distance from the fibre surface, and j = e or g represents the excited or ground
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internal states of the atom.

For the case of '33Cs atoms the ground and excited state refer to the D2 line
(6S1)2F = 3 < 6P F " = 4). By considering a Cs-atom near a semi-infinite silica
medium [58] the parameters for the ground and excited state are C5, = 1.56 kHzpum,
and C3, = 3.09 kHzum. A plot of the van der Waals potential for a Cs atom as a

function of distance from the the fibre surface is shown in Fig/2.2.

0.01
O,
£-001 f
8 —0.02
[
<
o —0.03¢
o
2 004
>
~0.05}
~0.06, 1 2 3 4 5

Distance from the fibre surface, r (um)
Figure 2.2: Plot of the van der Waals potential for a Cs atom as a function of the

distance,r, from the fibre

2.5 Total Potentials for #?Cs and *®Rb Atoms

A schematic diagram of an atom moving around an optical fibre is shown in Fig.
2.3. The optical potential, U, of an atom is cylindrically symmetric around the fibre.
This means that U depends on the radial distance r from the atom to the fibre axis

z, but not on the two other cylindrical coordinates, ¢ and z. The component, L., of
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Red-detuned
light wave

Figure 2.3: Schematic representation of an atom being trapped using a red-detuned

light field propagating through an optical fibre.

angular momentum of the atom is conserved due to this symmetry. According to the
eigenstate problem, [33], one can consider L, = hm, where m is an integer, called the

rotational quantum number. The centrifugal potential, U.s of an atom is given by
Uey = (h)*(m* — 1/4)/2Mr? (2.5.1)

where i = h/2m, M is the mass of the atom and r is the distance of an atom from
the fibre surface. This term is repulsive due to the circular motion of the atom. The
effective potential of an atom in its radial motion in one-dimension can be written as
a combination of the centrifugal potential and the optical potential, i.e., Uesy = Uy
+U. If Uess has a local minimum at a distance r = r,, outside the fibre, there exist
stable bound states for the atom. This may happen only if the optical potential, U,
is attractive. In order to ensure this, the input light into the tapered fibre must be
red-detuned, i.e., the input light is of less frequency compared to the cooling transition

frequency. This generates an evanescent field around the tapered part of the fibre,
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whose steep variation in the transverse plane leads to the gradient force on the atom.

The optical potential outside the fibre can be written as,
U=—-GKZ(qr), (2.5.2)

where K represents the modified Bessel functions of the second kind, which depends
on the distance from the fibre surface, r, and ¢ = 1/A, where A is the evanescent
decay length, determined by the fibre eigenvalue eqn. (2.2.1). G is the coupling
constant, which gives the indication of coupling of atom with that of the evanescent

field, given by
—hQ?

“= AK§(qa)’

(2.5.3)

where a is the radius of the tapered part of the fibre, ) is the Rabi frequency, and A

is the detuning of the laser with respect to the resonant transition of the atom. The

(mK)

05 1 2 3 4 5

Distance from the fibre surface,r (um)

Figure 2.4: Effective potential for a 3Cs atom outside the tapered fibre as a function

of distance.
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effective potential for the radial motion of an atom in the optical potential, U, can

be given as,
m? —1/4

kzrz - gKg(qT) ’ (254)

Ueff(r) = ®rec

where .. = (hk)?/2M is the recoil energy and g = G/O,.. is the normalized coupling
parameter. Here M = 2.2 x 107%°kg is the mass of a '**Cs atom and k = 27/ is
the wave number of the field. By considering the parameters m = 230, A = 1.3
pm, g = 5330, A = 2.42 ym and ©,.. = 888 Hz [33] and substituting them into
eqn. (2.5.4)the effective potential is obtained. A plot of the effective potential for

the above parameters is shown in Fig. 2.4. The van der Waals potential is significant

2
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Figure 2.5: Total potential (centrifugal+optical+van der Waals) for *3Cs atoms

when the atom is very close to the fibre surface. In order to see its influence on the
total potential it is necessary to add the effective potential given in eqn. 2.5.4/ and
the van der Waals potential given in eqn. 2.2. The resulting total potential, U, is

plotted in Fig. 2.5 as a function of the Cs atom distance from the fibre. Since the
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surface roughness of the fibre itself could be of the order of nanometers, the van der
Waals force has no appreciable effect on the free atoms in the vicinity of the optical
potential. However, the atoms could adsorb on to the fibre surface and remain stuck
to it by the van der Waals force. Since the overall trapping potential is in the micron
range trapping of the atoms should be feasible if one finds a way to load the atoms

adiabatically into the trapping potential well.

2.5.1 Energy levels in the trapping potentials for *3Cs

It is now possible to reexamine the effective potential and to determine the energy
levels within the potential for Cs atoms. In the following, we will consider the m = 230
level. The effective potential is given by eqn. (2.5.4). The distance from the fibre
surface at which the minimum for the potential occurs, r,,;,, can be found by taking

the derivative of eqn. 2.5.4 and by expanding it in the Taylor series to get

"

U,
Usot = Ug + U + 70(7‘ — )’ (2.5.5)

The first two terms in the expansion refer to the original potential and the minimum of
the potential, respectively. The third term in the expansion i.e., the second derivative

of the effective potential, is, therefore, similar to the harmonic potential

1
V= §Kx2, (2.5.6)

where K is the spring constant and x is the distance from minimum of the potential.

The ground state energy of the harmonic potential in eqn. 2.5.6/is given by,

E,=(n+1/2)hw, (2.5.7)
where n is an integer, and w = % is the angular frequency and M, the mass of a

Cs atom. Comparing eqns. (2.5.5) and (2.5.6), we see that K = UT‘/’/ With reference
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Figure 2.6: Energy levels in the effective potential for *3Cs atoms with an orbital
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23



: —m =320
0.2+ -‘-m:330’
: voem = 340
£ 7
S
~_0.2
-0.4

0o 1 2 3 4 5
Distance from fibre surface, r (um)

Figure 2.7: Total potential for 8Rb atoms as a function of distance from fibre surface.

to Fig. 2.4 for the effective potential, and by substituting the values for eqn. (2.5.5),
as, U=-029 x 1072 + 7.6 x 107° + %(r —0.5)2, one can quantify the energy
levels in the effective potential. Therefore, the ground state energy is Fy = 1.8 ukK,
the first excited state is Fy = 5.6 pK, the second excited level is Fy = 9.4 uK and
so on. The energy separation between two neighbouring levels is AE = 3.8 um, as

shown in Fig. 2.6l

2.5.2 Energy levels in the trapping potentials for *Rb

The trapping potential and energy level estimation are also done for ®Rb atoms.
The same equations for the van der Waals potential (2.4.1) and effective potential
(2.5.4)) are also applicable for 8Rb atoms. The calculations are performed assuming

a fibre radius, @ = 0.3 pm, input laser power, P = 30 mW, wavelength of the laser
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Figure 2.8: Energy levels in the total potential for ® Rb atoms with an orbital angular

momentum of m = 330.

A = 1.5 pm, and the C3 value for ®Rb is calculated from [58,59] as 3 kHz pym?®. The
potential maximum is at m = 310 for the typical values above. A graph of total
potential calculated from eqn. 2.5.4/ for m = 320, 330 and 340 is shown in Fig. 2.7.
To determine the optical potential m = 330 is considered. A trap depth of 0.3 mK is

estimated. This is sufficient for trapping ®Rb atoms with a temperature of 100 uK.

2.5.3 Trapping potentials for **Cs and ®Rb for varying fibre

parameters

By varying a number of experimentally accessible parameters such as the radius of
the tapered fibre, the wavelength of the light coupled into the fibre and the input laser
power, one can obtain trapping potentials for different orbital angular momenta, m.

The minimum and maximum values of the orbital angular momentum for which a
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Figure 2.9: Total potential as a function of distance from the surface for a range of

m values for 133Cs, with ¢ = 0.2 ym and A\ = 1.3 ym. (a) for P, = 30 mW, (b) for
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Table 2.1: Caesium potential depths for varying input laser powers.

Fig. no. afpm] Pr, [mW] Ap [pm]  mpmin Unin [BK]  Manae Umas [0K]

2.9(a) 0.2 30 1.3 184 10 404 6
2.9(b) 0.2 10 1.3 120 43 250 43
2.9(c) 0.2 1 1.3 50 1nK 80 3 pK

trapping potential exists are determined in the following section.

Caesium

Table 2.1 shows the minimum and maximum values of the orbital angular momentum
for three different values of the input laser power, P,= 1 mW, 10 mW and 30 mW,
for which a trapping potential exists. The radius of the fibre, a, and the wavelength
of the detuned laser, A\p, are taken to be constant. The values of the corresponding
trap depths are also determined by plotting the graph of effective potential (eqn.
2.5.4). Fig. 2.9/ shows the total potential determined for a range of m values between
the minimum and maximum m-values for the three different input powers 2.1. The
dependence of the normalized coupling parameter, g, on the input laser power is

shown in Fig. 2.10.

Rubidium

The potential depth associated with different m-values (orbital angular momentum
quantum number) for ®Rb is given in table 2.5.3 for different input laser powers, Pr=

30 mW, 10 mW, 1 mW, respectively. The radius of the fibre, a, and the wavelength
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Figure 2.10: Dependence
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Input power (mW)

intensity for 133Cs atoms

of the detuned laser, A\, are constant. The calculated recoil energy is ©,.. = 970 Hz
(see Appendix A). The values of the corresponding trap depths are also determined
by plotting the graph of effective potential (eqn. 2.5.4) Fig. 2.11 shows the total
potential determined for a range of m values between the minimum and maximum
m-values for the three different input powers (table 2.1). The dependence of the

normalized coupling constant, g, with input laser power for Rb atom is shown in the

25

30

of the normalized coupling parameter, g, with the input

Table 2.2: Rubidium potential depths for varying parameters.

Fig. no. a[pm] Pr mW] Ap [pum] mpmin Umin® Mmaz Umag
2.11(a) 0.5 30 155 380 124K 620 34K
2.11(b) 0.5 10 1.55 240 0.5 nK 390 0.01 nK
2.110(c) 0.5 1 1.55 90 0.5nK 120 12.6 pK
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Figure 2.11: Total potential as a function of distance from the surface for a range of
m values for ®Rb, with @ = 0.5 yum and A = 1.55 ym. (a) for P, = 30 mW, (b) for
Pp, =10 mW, (c) for P, =1 mW.
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Figure 2.12: Dependence of the normalized coupling parameter, g, on the input power

for ®Rb atoms.

Fig. 2.12.

2.6 Conclusion

In this section, the parameters associated with the trapping of cold atoms using
a tapered optical fibre were determined. The evanescent field extension outside a
tapered optical fibre was calculated for different fibre diameters. An atom in an
optical field was represented and the coupling of the atom with that of the electric field
was calculated. This gives the indication of the output power, which can be detected
using avalanche photodiodes (APDs). The details of using APDs are explained in
chapter 4.

The influence of the van der Waals force on an atom near a tapered optical fibre

was calculated. The effect due to the van der Waals force was determined in the

30



calculations of trapping potential for ¥3Cs and ®Rb atoms. Plots of total potentials
as a function of the distance from the fibre surface for both the considered atomic
samples were plotted. The trap depths were calculated, and this gave an indication of
the possibility of trapping cold atoms in the traps around the tapered fibres. Trapping
potentials for the parameters like, radius of the tapering, wavelength of the input light,
and varying powers were plotted. This showed us the dependance of orbital angular
momentum quantum number, m, on the input power.

The trap depth for the optical potential of ®Rb atoms was calculated to be 0.3
mK. Therefore, typical cold atom samples of 100 uK can be trapped in the optical
potential. However, since the trap depth is not very shallow it is not a straight forward
task to trap these atoms. A trap loading scheme would therefore have to be devised

in order to efficiently transfer atoms from the MOT into the fibre traps.
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Chapter 3

Atom microtraps based on
near-field Fresnel diffraction -

Theory

3.1 Introduction

During recent years there has been a growing number of experimental studies on the
development of, and applications for, neutral atom traps [60-65]. A new, and insuf-
ficiently studied approach to the development of miniature atom traps involves the
optical near-fields formed by the diffraction of laser light on small, circular apertures
in thin screens. This approach is of interest with a view to fabricating an array of
atom microtraps and, accordingly, producing a large number of trapped atomic mi-
croensembles from a single initial atomic cloud or beam. Earlier work [66] has shown
that an array of atom dipole traps can be produced by focusing a laser beam on an
array of spherical microlenses. The work presented in this chapter relies on a more

recent proposal [67], whereby microlenses, formed in thin screens, are used to focus
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atomic beams.

Similar to other approaches employing laser fields, the operation of neutral atom,
near-field microtraps is based on the use of dipole potentials and their corresponding
dipole gradient forces. However, in contrast to other approaches, in which the gradi-
ent force is due to the non-uniform field distribution over the laser beam cross-section
or over the wavelength of the laser light, in the near-field microtraps the gradient
force is associated with the optical field non-uniformity over the aperture diameter.
Consequently, atom microtraps can store atomic microclouds with characteristic di-
mensions equivalent to or less than the field wavelength. Such microclouds could
be used for site-selective manipulation of atoms in the field of quantum information
technologies [68,69].

A quantitative analysis of near-field, atom microtraps with a characteristic size
of apertures exceeding the optical wavelength is discussed here. Near-field Fresnel
diffraction occurs when the diffraction pattern changes as a function of its distance
from the aperture, due to the short distances over which the light field propagates.
Such diffraction is characterized by a Fresnel number, Ngp > 1. Analysis of the field
distribution in the vicinity of a small, circular aperture in a thin screen is shown. Also,
the dipole potential of the atom in the diffracted field is calculated. The analysis of
Fresnel microtraps shows that, at a moderate intensity of the light field of about 10
Wem™2, the traps are able to store atoms with a kinetic energy of about 100 pK

during time intervals of around one second.
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Figure 3.1: Geometry for circular aperture diffraction. The aperture plane and image

plane are shown.

3.2 Fresnel Diffraction

In general, the Fresnel diffraction occurs because, each point on the wavefront is a
source of secondary disturbance, and the secondary wavelets from different points
mutually interfere. Fresnel diffraction occurs when a light-wave passes through an
aperture and diffracts in the near field. This causes the diffraction pattern to differ in
size and shape, relative to the observation distance from the aperture. A schematic of
the geometry for circular aperture diffraction is shown in Fig. [3.1. When the distance
is increased, the outgoing diffracted waves become planar and Fraunhofer diffraction
occurs.

By red-detuning laser light incident on the aperture from an atomic resonance
transition, one can make an attractive potential for the atoms and this trapping

technique is discussed in the following.

34



3.3 Trapping Potential

The Fresnel atom microtraps are schematically shown in Fig. 3.2. A single microtrap
can be analysed by considering the diffraction of a travelling light wave of arbitrary

polarisation on a circular aperture
E, = eEycos(kz — wt), (3.3.1)

where e is a unit polarisation vector, Ej is the amplitude and k£ = w/c is the wave
vector. For the case when the size of the aperture exceeds or is equivalent to the
wavelength of the optical field, the electric field behind the aperture can be represented

in the scalar approximation as
E; = eE = eRe(Ee™™), (3.3.2)

where £ = £(r) is the complex field amplitude. The diffracted field can be evaluated

by applying the Rayleigh-Sommerfeld diffraction formula [70]

Elz,y,2) = %//w (%) G —z'k;) da'dy, (3.3.3)

where the distance between the point (z,y, z) in the observation plane and the point
(2',9',0) in the aperture plane is r = [2%2 + (z — 2/)* + (y — y')Q]l/z, and the integral
(3.3.3) is considered to be taken over the aperture region.

The evaluation of the Rayleigh-Sommerfeld integral can be simplified by taking
into account the axial symmetry of the diffracted field. By introducing cylindrical
coordinates o', ¢’ in the aperture plane and cylindrical coordinates p, ¢ in the obser-

vation plane, one can rewrite the diffracted electric field as
5 a 27 I
' 1
E(p,z) = J//Mf (— — zk;) dpp'dy, (3.3.4)
2T T T A\T
0 0
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TYTYR XA

Figure 3.2: (a) An array of atom microtraps produced by near-field optical diffraction;
(b) Schematic of a single microtrap consisting of a circular aperture of radius, a. E;

represents the incoming light field and Es is the diffracted near-field.
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where now r = [2% + p? + 0% — 2pp/ cos ¢] 1/2, and p = ¢’ — ¢ is the relative angular
coordinate.
For a red-detuned light field, the potential of a single microtrap is defined by the
usual equation [23],
02

U= —EW, (3.3.5)

where Q = dFE/2h is the Rabi frequency, and 6 = w — wy is the detuning of the
light field with respect to the atomic transition frequency, wgy. Accordingly, for the
diffracted field represented by Eqs. (3.3.2) - (3.3.4), the potential of the atom in the

microtrap can be written as

U=-U, ﬁ (3.3.6)
- 0 Ega cJe
where
3y Ej
Uy=-———. 3.3.7
0= S5 R (3.3.7)

Uy is a characteristic value of the potential and v is half the spontaneous decay
rate. Now, consider the case when the radius of the aperture only slightly exceeds
the optical wavelength. In this case the Fresnel number, Np, is expected to be

approximately equal to one, i.e.

Np= 2 ~1, (3.3.8)

where z,, is a characteristic distance from the aperture to the maximum of the electric
field intensity. Accordingly, the electric field intensity is expected to have a single
diffraction maximum and the atom potential will have a single minimum. An example
of a single-minimum atom potential is shown in Fig. [3.3 for different values of the

vertical coordinate, z.
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Figure 3.3: Atom potential in a Fresnel atom microtrap as a function of transverse
coordinates for radius a = 1.5\ (ka = 9.4), at distances from the aperture z = 0.5a,

z = la, and z = ba. (See Appendix C for mathematica coding of the above plot).
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Alongside the integral-representation of the diffracted field used above, and the
corresponding potential of the atom in the diffracted field, one can also find an ana-
lytical representation of the atom potential near the symmetry axis of the microtrap.
This can be done by decomposing the integrand in Eq. (3.3.4) into a series of small
displacements p < a [67,71]. By making use of the result of refs. [67,71], to sec-
ond order in p, one can represent the near-axis atom potential as parabolic in the
transverse direction,

22 2z

U(p,z):—Uo{l—kR(21 Racosk:(Ra—z)
k2a?zp? 3 z 3 .
o {(1 - k‘z—Rg) (R_a —cosk(R, — z)) + R sink(R, — z)} } :

where R, = va?+ z2. The potential represented in (3.3.9), when considered as a
function of the vertical coordinate, z, has a minimum at a value of z = z,, defined by
the transcendental equation

az 1

cos [k(R, —2) — x] = @+ 2R (2 5 (3.3.10)

where tany = B/A, with A = a?/(a* + 2*) and B =kz (1 — z/R,).

The dependence of the near-axis value of the potential, U = U(0, z), on the vertical
coordinate, z, is shown in Fig. 3.4 for the same relative value of the aperture size as
in Fig. 3.3 Also, the 3-dimensional graph of the potential on z-axis is shown in Fig.
3.5, The near-axis potential has a minimum at a vertical coordinate z,, = 1.47a =
2.2 X\. In accordance, the Fresnel number, Nr ~ 1 at this value of z,,, and the atom

potential has a single minimum.
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Figure 3.4: Atom potential near the axis of the Fresnel atom microtrap as a function

of the vertical coordinate, z, for a = 1.5\.
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Figure 3.5: A 3D graph of the atom potential near the axis of the Fresnel atom
microtrap as a function of the vertical coordinate z, for a = 1.5\. (See Appendix B

for a mathematica program to generate the values for above graph).

3.4 Parameters of Near-Field Microtraps

Parameters of the Fresnel atom microtrap are evaluated by considering **Rb atoms
which interact with a far-detuned light field at the dipole transition 525 jo(F = 3) —
52P;5(F = 4) with wavelength A = 780 nm. For this transition, the natural linewidth
is 2y = 27 x 5.98 MHz and the saturation intensity is Is = 1.6 mW /cm? [57].

By considering the radius of the microtraps as above, i.e. a = 1.5\ = 1.2 pum, then
the minimum of the trap potential is located at z,,. Choosing as an example, a laser
intensity / = 10 W/cm? and a large negative detuning § = -10%y, one can evaluate
the depth of the potential well in the positive transverse direction as U, = 0.15 mK

and in the vertical direction as U, = 0.13 mK.
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By considering the trapping potential as harmonic, one can calculate the spring-
constant, (3, of the trap in p- and z-directions. At first, the characteristic value of the
potential, Uy, can be calculated using the eqn. 3.3.7, and by substituting Ef = 87

I/c, one can write

C3m oy 1
e |0k
where k = 27/\; with A = 0.78 pum, § = —10%y, I = 10 W/cm? and ¢ = 3 x 108

Us (3.4.1)

ms~!, in the above eqn. [3.4.1, one gets, Uy = 6 x 10728 J = 3.75 x 107% eV = 45 uK
*. The values of the potential depths along transverse, U, and vertical, U, directions
can be determined from the Fig. 3.5, and are dimensionless, because of the second
derivative of the potential function (eqn. 3.3.9). Then, the spring-constant along the
transverse direction, 8, = U, x Uy = 3.3 x 45 uK = 6.76 x 10~'° kgs 2, and in vertical
direction as, 3, = U, x Uy = 2.93 x 45 pK = 2.07 x 1071 kgs 2.

Using the values of the spring-constants, the trap oscillation frequencies along the

positive transverse and vertical directions are calculated by the formula

1 /p
= —1/— 3.4.2
Y 2n VM’ ( )
as v, = 34 kHz and v, = 19 kHz, respectively.

The energy levels near the bottom of the trapping potential can be estimated as
E=hv,(n,+3)+hv, (n.+3). (3.4.3)

The number of quantized energy levels in the microtrap potential can be estimated
to be about 50, with a lowest energy, Fy = 1.3 uK, and an energy separation, AE =
2.6 puK. Characteristic oscillation amplitudes of the atom in the ground state, p =

Vhi/Mw, and z = \/h/Mw,, where M = 1.45 x 10~*°kg is the mass of the atom,

MeV=12x10*K
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are evaluated as p = 60 nm and z = 80 nm, respectively.

The lifetime of the Fresnal atom microtrap can be evaluated by taking into account
the diffusion broadening of atomic velocities due to photon recoil fluctuations. For
this process, the velocity diffusion coefficient, D = ~yv2(1/I5)(v/d)?, where v, =
hk/M = 5.8 mms~! is the recoil velocity, I is the light field intensity, and Ig is the
saturation intensity. Assuming that the kinetic energy of an atom escaping from the
trap is approximately equal to the potential well depth, U; = Mv?/2, and the atomic

velocity is defined by the diffusion broadening, v? ~ D7, one can evaluate the trap

20Uyt (1 5\
EEHE

Substituting the above chosen parameters for 3Rb atoms in the eqn. 3.4, a trap

lifetime, 7, as

lifetime of 7 ~ 0.6 s has been achieved. Table [3.1/ shows the comparison between
rubidium and cesium atoms for the same input intensity of 10 Wem™2 and detuning,
§ = -10%*y. The lifetime can be increased by increasing the input laser power, which
in turn increases the trap depth. With such trap lifetimes one can perform atom
optics experiments by blending micro-fabrication technology with cold atoms [66].
An important point to note here is that an individual microtrap uses only about 0.5

#W in the above considered case of radius a = 1.2 ym.

3.5 Conclusion

A novel trapping scheme has been proposed on a system of neutral atom microtraps,
based on a series of circular apertures in a thin screen. Laser light incident on the
screen, produces an array of potential minima for atoms in the near-field. The above

analysis shows that these near-field atom microtraps can store cold atoms for times
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Table 1

Atom Uy mK] v, kHz] v, kHz] pnm] 2 [nm] 7 [g

85Rb 0.13 34 19 60 80 0.6
133Cg 0.17 29 14 51 73 1

Table 3.1: Parameters of near-field Fresnel diffraction trap for ®Rb and '*3Cs atoms
with the input laser power of 10 mW /cm? and detuning, § = —10%y for an aperture

radius, a = 1.5\,

up to seconds. The potential well depth of the microtraps is mainly determined
by the intensity of the incident laser field and the detuning. By varying these two
parameters one can achieve robust control over the trap parameters. A numerical
analysis for ®Rb atoms shows that a trap depth of 0.13 mK can be achieved, with
storage times up to 0.6 seconds at an incident laser intensity of 10 Wem™=2. The trap
oscillation frequencies in the transverse and vertical directions are also calculated,
and estimated that there are ~ 50 energy levels near the bottom of the trapping
potential, with Fy = 1.3 uK and AE = 2.6 uK. By considering the radius of the
circular aperture, a = 1.5, it is shown that the Fresnel number ~ 1, indicating that
we are in the near-field regime. An increase in the radius will result in higher order
diffraction occurring, thereby increasing the Fresnel number and, hence, producing
a greater number of microtraps. However, the trap depth will diminish as we move
away from the center of the aperture.

The basis for future research will be to study the above discussed atom microtraps
in more detail by taking into account the dipole-dipole interaction between the atoms,

and the finite values of the atomic de Broglie wavelength.
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Chapter 4

Detection schemes for matter-light

interactions - Experiments

4.1 Interactions between Cold Atoms and Light

The main aim of the experiments carried out in our laboratory is to investigate
light-matter interactions using laser-cooled rubidium atoms and the evanescent light
field of a tapered optical fibre(c.f. Chapter 2 for the theoretical considerations). A
magneto-optical trap [72] is used to provide the source of cold atoms. Average ther-
mal temperatures of ~ 100 pK, and approximately 107 atoms, are routinely achived.
As detailed in Chapter 1, a MOT provides three dimensional cooling and trapping
of the atoms in a 3-beam retro-reflection MOT design. The laser beams are circu-
larly polarised, with opposite polarisation for each pair of retro-reflected beams. The
trapping potential is provided by a pair of Helmholtz coils in anti-Helmholtz config-
uration, leading to a magnetic field gradient of 13.5 Gem™2. SAES Rb getters are
used to provide the rubidium within the UHV system. The experiment is conducted

in ultra-high vacuum (UHV) to reduce collisions between particles- that would result
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Figure 4.2: Energy-level diagram of the 8'Rb isotope.

in heating of the rubidium atoms. The typical pressure within the vacuum chamber
is ~1x10~? mbar. Among the two stable isotopes of Rb; #Rb and 8"Rb energy-level
diagrams are shown in Fig/4.2. The cooling beams assist the transition of atoms from
the F' = 3 ground state Sy, to the I " = 4 upper state Ps3/5. Approximately, one
in 1000 atoms undergoes the transition to the F' = 2 ground state, following the
selection rules, Ampr = 0,+£1, and is, therefore, lost to the cooling laser. Therefore,
another laser called the re-pumper is used to pump the atoms from the F' = 2 to the
F' =3 level.

A tapered optical fibre of radius < 0.5 pm is incorporated vertically into the

vacuum chamber, while ensuring that it is centered in the cloud of cold atoms. The
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two ends (both input and output) of the fibre pass through a machined teflon ferrule
in order to ensure that the vacuum is tight [49], without damaging the fibre. The
advantage of using a tapered, commercial single-mode fibre (SMF) as compared to a
fibre pulled from bulk material is that the fibre can be easily spliced to standard fibre
optic components at the input and output, thereby ensuring ease of integration into
the experimental setup.

In order to study light-matter interactions, two crucial techniques were required:
light coupling into single-mode fibres SMF and low light level detectors. Laser light,
on resonance with the cooling transition of Rb around 780 nm, must be coupled into
the fibre in order to generate the evanescent field at the tapered region. By scanning
the frequency of the coupled light using an acousto-optical modulator (AOM), a
resonance absorbtion dip is expected when atoms absorb the on-resonance evanescent
light at the tapered region. Theoretical estimates show that the number of atoms
interacting with the light field is very low, typically 5 atoms/second [49], due to the
short extension of the evanescent field into the region around the fibre and the atomic
cloud density. Hence, very sensitive light detectors are needed in order to detect this
small change in transmitted signal through the fibre.

This chapter contains details on these two crucial aspects: (i) how to efficiently
couple the probe light into a tapered single mode fibre and (ii) how to choose ap-
propriately sensitive detection schemes, including avalanche photodiodes and single

photon detectors for absorption measurements.

47



Legend:

L1,LZ2,L3,L4L5and LG :Lenses
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Figure 4.3: Schematic of the optical setup showing the beam for coupling into the

fibre, which leads into the vacuum chamber.

4.2 Coupling Probe Light into SMF

The tapered optical fibre is very delicate once placed inside the UHV system and
can easily break if too much light (> 1 mW) is coupled into it, due to heating at
the taper region. The probe beam used for the taper experiments corresponds to the
1t order diffracted beam from the main laser cooling beam after AOM2 (c.f. Fig.
4.3). For the on-resonance interaction of the cold atoms with the evanescent field,
the probe laser must be tuned to the same transition as the MOT beams. This is
achieved by AOM2 in a double-pass configuration as shown in Fig. 4.3. In order
to ensure that the probe power was sufficiently low, the beam was passed through
a Thorlabs collimator (F810FC-780) with a fibre connector at the output end. This
coupler has a numerical aperture, NA= 0.25 and focal length, f = 35.90 mm. The
output of the coupler can be connected to the fibre via an FC connector. Initially, the
output from the collimator was connected to an optical spectrum analyser (OSA), to

determine the probe power. Using a series of attenuators (neutral density filters) up
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to ND3 (1073) the power was reduced to < 1 mW. Thereafter, the output from the
collimator was removed from the OSA and directly connected to the FC connector
spliced to the tapered fibre. The input power into the tapered fibre was varied and
measured using Thorlabs power meter (PM100), and the transmitted power through
the tapered fibre was measured using the OSA, shown in Fig/4.4. It is clear from the

graph that there is a linear dependence between the input and the output power.

1600 -

1400 -

Output power (nW)
o N
8 3

N » 2] [o]

o o o o

o o o o
1 I I I

o

4 5 6 7 8 9
Input power (mW)

N
N
w

Figure 4.4: Plot of transmitted power out of the taper versus input power into the

taper.

4.3 Low Light Level Detectors

4.3.1 Introduction to avalanche photodiode (APD)

An APD is, basically, a p-n diode with a high gain. It consists of two regions: (i)
an absorption region, where the input light on to the APD is absorbed, and (ii) a
multiplication region, in which a high electric field is exhibited to provide internal

photo current gain impact ionisation. The schematic of a p-n diode APD is shown
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in Figld.5. Most APDs are made from silicon and are useful for wavelengths from

p+ A '
A

D M

n

Figure 4.5: A reach-through structure of APD is shown. ‘M’ is the multiplication
region, where the electric field is maximum, so as to trigger impact ionisation and

provide photocurrent gain.

450 nm - 1 pm, thereby making them suitable for experiments involving laser-cooled
Rb atoms, which absorb light at around 780 nm. In an APD, when light is incident
on the diode, photo-generated electron-hole pairs are created in the depletion region.
These electron-hole pairs are accelerated to their saturation velocity by an electric field
present in the depletion region, as shown in Fig. 4.5. If a charge carrier gains sufficient
kinetic energy, it may, on collision with the atoms in the crystal, release additional
carriers by impact ionisation. Each additional carrier produced by impact ionisation is
then accelerated by the electric field and may also undergo impact ionisation, thereby
producing multiple carriers from the original photogenerated carriers. This process

leads to carrier multiplication and is known as awvalanche multiplication.
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4.3.2 The Tyndall National Institute APD

The initial efforts on low light level detection concerned a device fabricated within
Tyndall National Institute’. A simple circuit (Fig. 4.6) was used to bias the APD
in reverse bias condition. In order to test the operation of an APD one relies on the
principle that when no light is incident on the APD, the resistance of the diode is
infinite. In contrast, if light falls on the APD when it is set at maximum gain, the
resistance of the diode approaches zero and, therefore, a high current will be measured

through the load resistance, R. Initial steps to test the APD involved modulating the

&
Anode @ Cathode

50 KL I Iout=V/R

yat

+},{-

Figure 4.6: Reverse bias operation of the APD

light incident on the APD using a Thorlabs optical chopper (MC1000A) at 15 Hz
(Fig. 14.7). The output voltage was measured by connecting an oscilloscope across
the load resistance, which in turn gives an indication of the output current from
the APD. This experiment was done for varying bias voltages. The choice of 15 Hz
chopping frequency is because the modulated signal was clearly distinguishable at
this frequency. Fig. 4.8 shows the voltages recorded across the load for bias voltages

of 28 V, and 31.9 V. The power incident on the diode is 13 mW, using a He-Ne laser

!The device was obtained from Dr. Alan Morrison, Dept. of Electronics and Electrical Engineer-
ing, University College Cork
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Figure 4.7: Schematic experimental set-up. The optical signal beam is measured

using the avalanche photodiode.

source for all tests. Notice that there is no significant change in the output voltages
at the bias voltage up to 28 V (Fig. [4.8a). 31.9 V was an optimum bias voltage for
which a good signal was obtained (Fig. [4.8b). By zooming on to the graph for a bias
voltage of 31.9 V, we clearly observe a large output voltage of 6.22 V, as shown in
Fig. 4.9.

The next tasks required were to (i) measure the optimum bias voltage for the

APD, (ii) suppress noise using a lowpass filter, and (iii) to amplify the signal.

4.3.3 Determining the optimum bias voltage for the APD

(i) Experimental conditions

An APD of diameter 100 zm? was used in order to have a maximum area of sensitivity
for the incident light. The large size also faciliated the alignment of the light onto
the diode. A 633 nm, 13 mW He-Ne laser was used. The incident light intensity
was reduced by using a neutral density filter (NDF) of 3, thereby reducing the input
light by three orders of magnitude. Therefore, the light impinging on the APD was
13 uW. As before, the frequency of the optical chopper set to 15 Hz. In order to

decrease the external noise, it was essential to perform the test measurements in the
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Figure 4.8: (a) A bias voltage of 28 V was used and the input beam power, P = 13
mW. (b) A bias voltage of 31.9 V was used and the input beam power, P = 13 mW.
This was also the optimum bias voltage at which a maximum signal output for the

chosen APD of 100 um? was obtained.
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Figure 4.9: A signal obtained from the APD output for the following parameters is
shown. Bias voltage = 31.9 V, Chopping frequency = 15 Hz, and input beam power
= 13 mW.
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Figure 4.10: Peak-to-peak output voltage across the load as a function of the bias

voltage. The incident power of the light is constant.

dark. However, there was still reasonably large noise present because of the circuit
itself. By plotting the output peak-to-peak voltage across the load as a function of
bias voltage, one can determine the optimum bias voltage. Fig. 4.10/ shows the data

obtained and one can readily determine that the optimum bias voltage is -32.6 V.

(ii) Multiplication factor of the APD

The multiplication factor of an APD is a measure of the number of electrons (or holes)
created inside the APD due to one photon impinging on the detector. At the optimum
bias-voltage of -32.6 V, the maximum output voltage is 782 mV for a load resistance of
50 k2. The corresponding current flow across the load resistor is 15.6 uA. The input

beam power was measured to be P = 13 yW (after the NDF of factor 3). The incident
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He-Ne laser, 13 mW

Knife-edge

X

Figure 4.11: A schematic of technique to measure the beam diameter is shown. The
knife edge is movable in the X-Y plane. The power is measured by moving the knife

in small steps.

energy, F corresponding to a power of 13 uW is 13 uJ. The energy of a single 633
nm photon is given by E = hv = 3.14 x 107! J. Therefore, the number of photons
per second incident on the APD is, n = E/E, = 4 x 10, One can determine
the current, Ipoen, due to a single photon as, Ieen = (1photon)(15.2x107CA) /
(6.36x 103 photons) = 2.4x1071% A. In order to determine how much of the He-Ne
light is actually falling on the detector sensor area, one needs to know the beam
diameter of the He-Ne laser. A standard method to measure the beam diameter is

explained below.

(iii) Determination of the beam size of the He-Ne laser

A basic technique to measure the beam diameter of a laser involves blocking the beam
in small steps using a knife-edge and measuring the power of the beam, as illustrated
in Fig. 4.11. A plot of knife-edge position versus laser power gives a cumulative
distribution function as shown in Fig. 4.12. The derivative of this function gives a
plot of the intensity distribution of the beam. A full-width half maximum (FWHM)
measure of this profile yields the diameter of the beam (c.f. Figld.13). From

Fig. 4.13, one can infer that, at FWHM, the diameter of the laser beam is 400 pm.
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Figure 4.12: Cumulative distribution function of the power of the He-Ne laser.
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Figure 4.13: Profile of the He-Ne laser, showing the FWHM points.
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Figure 4.14: Pictorial representation of the incident number of photons, n, and num-

ber of electrons created, n..

Considering the beam to be symmetric (i.e. the aspect ratio is 1), one can calculate
the number of photons in the beam.

If we assume a Gaussian beam profile, the area of the beam, Apeom, = 712 = 0.125
mm?. Also, the maximum input power falling on to the APD is 13 yW. The number
of photons per second, N, associated with a power of 13 uW is equal to (13 x 107°
W)/(3.14 x 107 J) = 4.1 x 10" photons/sec. The number of photons per second
impinging on the APD of area, A pp = 100 um? can be calculated as,

_ Aupp X N

ny =

= 3.3 x 10, 4.3.1
Abeam x ( )

The number of electrons created by absorption of these photons is:

I out
e

(4.3.2)

Ne =

where I,,; = 0.2 x 107% A is the current output and e = 1.6 x 107! C is the charge
of electron. By using the above values in eqn/4.3.2, we find that n, = 1.3 x 10'?

electrons/s. Therefore, the multiplication factor can be written as n./n, = 39.6. In
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other words, for each photon incident on the APD, it produces =~ 40 electrons by the

process of impact ionisation.

(iv) APD testing with a passive low-pass filter

To reduce the noise in the output signal, a low-pass filter was used in the circuit
as shown in Fig. 4.15. A low-pass filter consists of a resistor and a capacitor, and
can also be called an R-C filter. This type of filter is basically used to smoothen
the output signal. The cut-off frequency of the filter is determined by the values of

resistance and capacitance and is given by

1

Je= 2rRC"”

(4.3.3)

For a resistance, R = 10 k{2 and a capacitance, C' = 0.1 uf the cut-off frequency is
159 Hz.

If one compares the bias circuit incorporating the low-pass filter (Fig. 4.16) to
that with no filter (Fig. 4.10), one can infer that, (a) the signal quality is improved
and the noise is reduced, and (b) there is no ‘kink’ around 24 V when the low-pass
filter is used, but rather a slow increase after 24 V. The frequencies below 159 Hz are
allowed to pass through the resistor and the ones above this value are bypassed to

the ground through the capacitor.

(v) APD testing with an active low-pass filter

Our aim was to use the APD to measure very low light level signals. To achieve this
task, one needs an APD with a very high sensitivity, so that it can respond to a low
light signal. One also needs a good circuit with adequate amplification to multiply the

low light levels. An active low-pass filter consists of an opamp (operational amplifier),
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Figure 4.15: Biasing circuit with a passive-low-pass filter.
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Figure 4.16: APD response with a passive low-pass filter.
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Figure 4.17: Active low-pass filter with gain for the APD.

and, in this case, a standard LM741 was used for the amplification. A low-pass filter
with this amplifier circuit acts as an active low-pass filter, shown in Fig/4.17. In order
to increase the output signal, i. e., to increase the sensitivity of the APD. The above
circuit is designed to include a gain circuit. The incident beam power, P= 12 pyW.
The cut-off frequency given by, f. = 159 Hz. Gain, A = R;/Ry+ 1 = 11. As one can
see in Fig. 14.18), the signal is amplified to the Volts range from the milli-volts range
that was observed using the passive low pass filter (c.f. Fig. [4.16)).

We also tested to determine the lowest power that could be detected by the APD.
Three optical filters with a combined attenuation of 10~ were used and a bias voltage
of -32.6 V was applied. Under these experimental conditions the peak-to-peak voltage,
Vout, was equal to 400 mV. Fig. [4.19 shows V,,, for a laser power of 13 pW incident on
the APD. Hence, the minimum number of photons that this APD can detect with an
active low-pass filter is &~ 3.1 photons at 633 nm. The lowest detection of 13 pW was
achieved during the testing. Later, the circuit was put into the box to make a module

and a micro-glass-slide was affixed at the input window of the APD to safeguard the
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Figure 4.18: APD response with amplification after a low-pass filter.
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Figure 4.20: Geiger mode operation circuit. V, is the reverse bias voltage, Vj is

amplitude of the gate-pulse, Vg is breakdown voltage of the APD, and Vg is excess
voltage above Vg from the gate-pulse. Amp. is the amplifier circuit for the signal

output from the APD.

bonding. Due to this, the minimum detection level was reduced to the range of nW.

4.3.4 Single photon detectors

(i) Geiger mode operation

The bias voltage at which there is a sudden increase (or avalanche) in the voltage
drop across the load resistance is called the breakdown voltage, Vgg. In the Geiger
mode operation, an APD is biased above its breakdown voltage (Vg > Vggr) and it will

conduct a large current. The bias circuit is shown in Fig. 4.20, and the corresponding

pulse voltage given is shown in Fig. 4.21 below.

4.3.5 EG&G PerkinElmer detector

When the input laser beam coupled into the fibre (inside the vacuum chamber) is

around the same cooling transition of Rb, (5512 — 5Ps2), it is viewed to satisfy the
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Figure 4.21: Schematic of voltage and time parameters. Here, t, is the width of the

gate-pulse or detection window.

on-resonance condition. The on-resonance experiment involves a very small number
of atoms interacting with the evanescent field around the fibre, thereby yielding very
low signals for detection. Because of this, we need to use high sensitivity detectors
such as photon counting modules to see any changes in the light signal. We chose to
use a PerkinElmer photon counting module (PCDM) sensitive to light at 780 nm and
with a saturation limit of 107. Before using the detector, it was important to ensure
that the light levels would not saturate the detector, thereby causing damage to the
PCDM.

The number of photons, n, is calculated as
n=— (4.3.4)

where Ej is the energy of the light (laser in our case) and E, is the energy due to one

photon at that wavelength. Considering A = 780 nm, we can determine £, using

E,=hv = th (4.3.5)

Hence, we determine that £, = 2.55 x 107! Joules. To calculate Fy, one considers
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Figure 4.22: Schematic of the evanescent field outside a tapered optical fibre.

the saturation intensity, Ig, of rubidium using the formula

hern T
Jo =
SEYE

(4.3.6)

and we have already shown that, Is = 1.6 mW/cm? for rudibium atoms, [23] or 16
pW/um?, in the small volume of the evanescent field around the tapered part of the
fibre. Therefore, the input probe beam power should be less than Py = 15.5 pW, in
order not to saturate the atoms. The equivalent energy per second is Ey = FPyxtime=

15.5 x 107!2 J. Hence, the number of photons to be detected is 6 x 107.

(i) The number of photons absorbed in the reaction

The photon scattering rate formula is given by,

_ (Io/Is)xT
1+ Ip/Is +4(A/)T)?

(4.3.7)

where I is the saturation intensity, Iy is the intensity of the probe beam, A is the
detuning and I' is the natural line-width of the excited state. In the on-resonance
case for rubidium atoms, A = 0 and I' = 6 MHz.

To calculate Iy, consider the evanescent field outside a tapered optical fibre as
shown in Fig. 4.22. Consider an atom at a distance of 1/e from the surface of the
fibre. At this distance, the value of the saturation intensity drops to 36% of its initial

value. Therefore, Iy = Is x 0.36. By substituting these values into eqn. 4.3.7, one
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gets R = 4.98 x 10 s7!. Therefore, the power loss is, P, = R X E, = 1.27 x 1072
W /atom. This is the power drop in the laser coupled into the fibre for one atom
interacting with the evanescent field. By considering the volume of the evanescent
field around the tapered optical fibre, V,,q, (c.f. eqn. 2.3.7), and substituting [ = 2
mm, the length of the tapering, R; = 0.65 pum, the radial distance from the centre of
the fibre to the 1/e distance of the evanescent field, and Ry = 0.5 pm, is the radius
of the tapering, one gets, Voyan = 1.1 x 107 m?. The number of atoms, Nutoms, il

3 is considered to be

the cold atomic cloud volume, Vo, = 4/371% = 4.2 x 107% m
107. By these values, one can estimate that at any instant of time there will be < 5
atoms interacting with the evanescent field (c.f. eqn. 2.3.8)). Typically, the drop in

power because of the interaction of five atoms would be =~ 6.35 pW. Therefore, the

number of photons absorbed can be calculated as,

_ Eyx6.35x 10712
N E

p

= 2.4 x 10"photons (4.3.8)

Ng
Hence, for ng > n,, we can expect an absorption of 39.5% of the input intensity.

(ii) Testing single photon counting module (SPCM) EG&G (PerkinElmer)

The SPCM used was by EG&G PerkinElmer, model no. SPCM CD2882. The satura-
tion limit is 107 counts/s, with a dark count of 350 counts/s. We used a gated photon
counter, model SR400 by Stanford Research Systems (SRS). The SPCM output is
fed into the input of the SRS photon counter using a BNC connection.

A specific procedure was adopted in order to measure the photon count. First,
the 5 V biasing input was connected to the SPCM. Next, the output of the SPCM
was connected to the SR400 using a BNC, and the SR400 was switched on. Only

at this stage was the 5 V supply for the SPCM switched on and this enabled us to
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measure the dark count rate.

After this measurement, one end of the tapered fibre was connected to the input
of the SPCM for measuring the background count rate. Next, the repump laser was
switched on and the count was recorded. Finally, the cooling laser and the Rb getters
were switched on and the count recorded. An important point to note here is that,
there should not be any sudden increase in the counts/s. i.e., not more than 10”
counts/s. If that happens, turn off the power supply, else block the laser beams.

During the testing of the SPCM, the mounted tapered fibre inside the vacuum
chamber broke because of high laser input intensity. This was not ideal and indicated
that no more than 1 mW of power should be coupled into the tapered fibre. There
were two sections of fibre within the chamber, one long and one short. The detector
dark count was ~ 350 counts/s. Using the long section, the background counts due
to stray light in the room was ~ 550 counts/s. When the repump light was switched
on this increased to 10 kcounts/s. When the repump + cooling beams were on this
increased to 37 kcounts/second, with 4.36 Amps in the Rb getters. However, there
was no observable difference between the count-rate for the MOT present and the
MOT not present. We accounted for a drop in the photon counts when getters were
on: this could be due to the absorption of beams by the rubidium and then emitting

in random directions.

(iii) GPIB interface with PC and photon counter(SR400)

A LabVIEW program was used to acquire the data from the SR400 photon counter
interface and some details are shown in Figs. 4.23, 4.24/ and 4.25.
The interfacing is established using a GPIB cable and the program is capable of

giving real time changes to the photon counting signal. The data points seen on the
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Figure 4.23: Front panel of the LabVIEW program to measure the photon counts
from the EG&G detector
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Figure 4.24: Block Diagram 1 showing the first sequence in the program where the

data is scanned.

screen can be stored in as a .dat file. The data can be taken per second changes in the
photon counts or also one can input the number of averages needed, to get an average

signal. A front panel (c.f. Fig. 4.23)) is provided for the user and allows one the user
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Figure 4.25: Block Diagram 2 showing the second sequence, where the data is read

from the counter.

interactive area, through which an input can be given while running the program and
also the output is displayed on the screen. The programming part of the LabVIEW

is called as block diagram window, shown in Figs. 4.24/ and 14.25.

4.3.6 Sensl pcstime2 detector

(i) Using the Sensl detector at the output end of the tapered optical fibre

A PCSTime photon counting module by SensLi was also tested. SensL detectors
are good candidates with a very low background count and noise and we tested the
feasibility of incorporating the PCSTime detector into our experimental setup. The
PCSTime has a quantum efficiency of 18% at 780 nm (Fig. [4.26), the wavelength of

choice for Rb atoms. The specifications for the detector are given in the footnote. “

2Product Code: PCSTime20020X01F0, serial Number: 00000EC5A4EF, module Number: 7208,
sensor Serial Number: Ch0: CSI 06-38-015 and Chl: CSI 06-38-017. Here, ChO and Chl are the
two sensors (APDs) in PCSTime detector.
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Figure 4.26: Photon detection efficiency vs. wavelength.

(ii) Calibration and measurement using pcstime module

According to the specification chart from the SensL, the temperature of the APD
was set to -20° C, the reference voltage was set as 200 mV, and the bias Voltage
over breakdown, V;, was set as 5.1 V. The module was wrapped inside black cloth to
make ensure no stray light falls on the detectors and all the lights in laboratory were
switched off. Based on the initial tests, the conclusions drawn were that the data
acquisition software provided with the detector crashed frequently. This resulted in
frequent restarting of the software package. Another important aspect was that the
module heats up in only a few minutes and the dark count increases appreciably
during this time. The photon detection efficiency at near-IR wavelength is < 8%,
and there is a contribution to the photon counts in spectrum range when the detector
heats up.

Because the PCSTime module is not designed for fibre coupling, it was difficult
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to efficiently couple light onto the detector. To do this, it was essential to collimate
the laser beam (< pW power) using a Thorlabs collimator (F810FC-780). The input
beam to the fibre is taken from the first-order of the AOM2 as shown in Fig. [4.3/in
the double-pass configuration. This beam is detuned to the cooling transition, and
can be modulated to get the Rb absorption profile. The optical fibre into which the
light is coupled is spliced onto the fibre which runs into the vacuum chamber. The
output of the tapered fibre is spliced to a pigtail fibre that is connected to a GRIN
lens (Oz Optics). This assists greatly in collimating the laser onto the PCSTime.

The collimated light falls onto the 20 ym SensL detector. The background light is
blocked using black fabric, but even then the background count rate was 12 photons/s.
An important point to be noted here is that there is a significant loss in the input
coupling as there is no direct fibre coupling in the setup. This is also a major drawback
of the PCSTime detector.

When a detectable number of photons fall on the detector, a few tests were made.
At first the SensL counter response to the fluctuations was seen. We see the photon
counts in the Figs. 4.27and [4.28 because, AOM1 (which shifts the frequency to the
first order as the MOT beam) was not ‘On’, hence a greater number of photons was
coupled into the fibre. Fig. 4.27/ shows the photon counts as a function of time. The
input light was irregularly modulated just before coupling to the fibre in order to
see the counter’s response. To check the sensitivity of the detector, the input light
was chopped during a very short interval of time (~ ms). A sharp peak in Fig. [4.28
shows the quick response of the detector. As one can see, the sensitivity is in the
microsecond range, which is good for our experimental conditions. In the Fig. 14.29,

an important thing to be noted is that the MOT AOM (AOM1) is switched ‘on’ and
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Figure 4.27: The SensL counter response to the input light
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Figure 4.28: The sensitivity of the SensL detector

thus the number of counts has decreased to 8000 photons. The MOT beams were
blocked for a short time and then unblocked in order to see if there was any change in
the light coupled into the fibre. No significant change in the count rate was noticed.

This gives the indication that no significant number of photons is being coupled into
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the guided modes of the fibre.
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Figure 4.29: Measure of the number of photons as a function of time when the MOT

beams are on and the tapered fibre is in the vacuum chamber.

4.4 Conclusion

To study the interactions between cold atoms and light it is important to have very
sensitive light detection schemes. With this purpose in mind, a number of detec-
tors were tested including a local APD, a PerkinElmer photon counter and a SensL
PCSTime detector.

In order the cold atomic cloud to interact with the evanescent light, the evanescent
wavelength should be also of the cooling transition. In order to achieve this, AOM2
was used, after which the beam is coupled into the fibre, which runs into the vacuum
chamber. The output end is used for detection purpose.

Principle of APD was explained in brief. Since the dimensions of the APDs are

in um range, it is not easy to make the connections in order to work with it. In
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order to facilitate this task, the APD is bonded using a gold wire bonding to a lead,
to which one can easily connect the external circuit. This made working with these
APDs a lot easier and clearly better packaging of these devices is crucial if they are
to be easily integrated into realistic experiments. Tyndall has facilities for different
bonding techniques/wires, of which the contacts are given in the footnote below. *

Geiger mode operation was explained. A single photon detector from EG&G
PerkinElmer was tested. A LabVIEW program for the data acquisition from the
PerkinElmer detector was shown. Measured counts using an SRS photon counter
were also given.

According to the measurements done using the SensL. PCSTime detector, no sig-
nificant light was coupled into the guided modes of the fibre. This could be because
the diameter of the tapered fibre was too large at about 1 pym. In order to overcome
this problem, we would need to improve the fibre fabrication techniques to produce
thinner fibres. Another reason for not seeing any coupled photons could be due to the

input facet of the SensL detector. Therefore, better fibre coupling is very essential to

get a good coupling efficiency.

3(i). Gold bonding: Dan O’Connell, CFF, 1st Floor, Phase 1, Room no.1.05. (ii). Aluminium
bonding: John Barton, MAI. Also, one can contact his student, Paul Tassie. (iii). Frank Stam,
Senior Staff Researcher, Tyndall National Institute, Cork.
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Chapter 5

Fabrication of Silica Disk

Microcavities

5.1 Introduction

Over the past decade, strong interactions between light and matter at the single-
photon level have enabled a wide set of scientific advances in quantum optics and
quantum information science [9,73-76]. Experiments with single atoms coupled to
high-finesse Fabry-Perot cavities have been at the forefront of this area [77]. As a
result of extreme technical challenges involved in improving the reflectivity of mirror
coatings for these resonators, there has been increased interest in the development
of alternative microcavity systems, which would enable such basic phenomena to be
investigated.

Micron-sized, circular geometry cavities are characterised by their small mode vol-
umes, high Q-factors reaching values of >10% [78] and small dimensions. The mode
volume is the volume of the microdisk, in which the electromagnetic field is quantised

and the Q-factor determines the confinement of the coupled light in the microcavity.
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They offer potential as novel components for experiments ranging from the very ap-
plied, such as the realization of all-optical networks [79], to the fundamental, such as
quantum optics experiments [80].

One class of circular microcavity is the planar dielectric microdisk which is of
particular appeal due to its size reproducibility and surface finish since microfabrica-
tion techniques are used in its production. This translates directly into high Q-factor
devices - viewed as the most important feature of these cavities.

A microcavity fabrication project (NAP112)was funded through Tyndall National
Institute’s National Access Programme. The initial aims of this project were (i) the
fabrication of microdisks using Tyndall’s facilities and (ii) to optimise the shape and
smoothness of the fabricated microdisks. All images, results and discussions in this
chapter derive from the NAP112 project.

Our interest in the fabrication of planar microdisks is to perform experiments
in the framework of cavity quantum electrodynamics (QED). Such cavities could
probe the interactions between single atoms and photons in lithographically fabricated
microresonators, and may pave the way towards a wide range of applications such as
the implementation of quantum networks and scalable quantum logic with photons

73].

5.2 Fabrication Details

The initial goal was the fabrication of planar microdisk resonators using the facilities
in Tyndall through the National Access Programme. The focus was on the shape,
size and finish of the structures. Etching of the sample in order to undercut the disk

and to form a support pedestal was a vital consideration. The Q-factor of the disk
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depends on the shape and smoothness, therefore the main aim was to concentrate
on the surface smoothness of the disks. The general design approach consisted of an
array of 100 pm diameter circular silicon dioxide disks was to be fabricated. The
design of the microcavity disk consisted of a silicon dioxide circular disk of 2 pm

thickness, on a mono-crystalline silicon pedestal.

5.2.1 Fabrication process flow

P-type silicon (100) wafer was used as a base substrate to fabricate the silicon dioxide.
Silicon dioxide, also known as silica. Silica is found in abundance in nature in the
form of quartz and sand. Its chemical symbol is SiO,. The step-by-step process of

the fabrication procedure for the planar silica disks is given below.

Step 1: Fabrication of SiO, disks

Initially, a 2 pm layer of (amorphous) SiOs was grown on a Si wafer using a Thermco
9000 furnace.Next, photoresist was spun on the SiO, layer and it was exposed using
mask-1-disks. The mask used depended on the design configuration and will be
further discussed in the following section. Megaposit SPR 220 positive resist was
spun on and pre-baked with use of a Screen DNS Resist Develop Track. Fig. 5.1is a

schematic of the oxide growth on the Si substrate.

Step 2: Exposure and removal of the photoresist

The resist was exposed using mask-1-‘Oxide Deposition’ on an Electronics Visions
Mask Aligner 420. It was subsequently developed with Microposit MF 26A, and any

undeveloped resist was rinsed off. The oxide layer was then wet-etched using buffered
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Figure 5.1: Schematic of the front elevation of SiOy grown on a Si substrate. The photore-

sist pad is also shown.

HF acid. An outline of this process is shown schematically in Fig. 5.2, in which the

diagrams show only a single microdisk.
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Figure 5.2: (a) Front elevation of a sample after the wet-etching process; (b) Top view of

sample after removing the photoresist pad. The SiOs disk is 100 gm diameter.

Step 3: Making the Si pedestals

The device was undercut to create Si pedestals using both dry- and wet-etch tech-
niques. Both methods were tried to get the desired shape and dimensions as indicated
in the schematic diagram below (c.f. Fig. 5.3. The SiOs was plasma etched with the
use of a Trikon Omega 201 MORI Etch System. Using the oxide as a hardmask, the

trenches were etched 50 pm deep using two different isotropic etch methods: (i) A
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plasma etch method using an STS ASE ICP etch tool with SF6 as a reactive gas and

(i) a vapour etch system using a XeF2 etch system by MEMSStar.

Figure 5.3: SiO, disk on a silicon pedestal after etching process.

5.2.2 Comparison of fabrication techniques

As this was the first time Tyndall made planar microdisks, there was a degree of
uncertainty about which etching technique to use, wet-etching or dry-etching. In
order to be sure before proceeding to the next step, the NAP112 project included a
study on the results of both etching techniques. The scanning electron microscope
(SEM) images of wet and dry etched disks are shown below in Figs. 5.4/ and /5.5.
When light is coupled into a microdisk, the light field propagation modes (known
as whispering gallery modes or WGMs) are confined to the equator of the disk and
lie near the disk’s surface. By comparing the SEM images, one can see that the
WGMs that would be excited in the wet-etched disk could consist of many resonant
frequencies, due to the irregular size of the cavity. Such a feature would be of little
use and, therefore, the dry-etching technique was selected in order to fabricate evenly

sized planar silica disks.
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Figure 5.4: SEM images of wet-etched disks: (a) Top view showing a near-ideal disk and(b)
side view showing the disk and the pedestal.

5.3 Wafer Configuration of Microdisks

A number of different configurations of microdisks were fabricated so that they could
be used for a variety of experiments. This included single disks of fixed diameter, disk
arrays with constant separation between the individual disks, and disk arrays with
varying distances between the disks. Each of the configurations will be discussed in

the following.

5.3.1 Configuration I: Single disks

Configuration I consists of single microdisks of 100 um diameter with a distance of 5
mm between each disk. This gap is required for coupling light into individual devices
using a tapered optical fibre. After every 5 mm of gap scribe lanes were made. These
are helpful for cutting the substrate to facilitate working with an individual disk. An
important point to note about the under etching used to make the pedestals is that

there is no uniformity of the under etch. This is because the access of the HF gas to

79



| B Sl e |
20kY 31.4pm 1000 X

(a) (b)

Figure 5.5: SEM images of dry etched disks: (a) Top view showing the dry-etched disk

and (b) zoomed view showing the edge roughness of a dry-etched disk.

the disks in the middle part of the wafer is less than when compared to that of the
disks at the side of the wafer. Since the aim is to couple light into the disks at their

thinnest point, the irregularity of the pedestal should not be a crucial issue.

Scanning Electron Microscope Imaging

The SEM images of single disks with an under-etched pedestal of 50 ym are shown
in Fig. 5.7 below. As mentioned earlier, the main aim of the project was to concen-
trate on improving the smoothness and surface finish of the disks, since this is a key
requirement to achieving a good Q-factor. In order to achieve this, xenon fluoride

(XeF—2) etching was tried.

Comparison of Etching Processes

In order to perform the dry isotropic etching by XeFs, a wafer with a sample of disks
was sent to the company, MEMSStar (UK). A comparison between the Tyndall-etched
disks with MEMSStar-etched disks is made. Note that SEM imaging was used for all
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Figure 5.6: Schematic diagram illustrating the layout for the wafer configuration with

single microdisks

the disks. As one can see from the rim images of the MEMStar-etched disks, shown in
Figs. 5.8(a) and [5.9(a), the photoresist cap on the oxide of the xenon fluoride, XeFs
pillars was not taken off. However, for the SEM images, this is not really necessary,
since only the rim and shape of the pillar is being considered, not the top of the
disk. In comparison, the photoresist for the plasma etch must be removed (c.f. Fig.
5.7), since the plasma etch can also etch the resist and particles from the resist can
subsequently redeposit on the SiO, surface, creating a very dirty looking etch. Fig.
5.8 is the first XeF5 etch in which the loading effect is very visible. This is a pedestal
on which SiOs disk rests. At this disk, there is a low underetch. Other pillars at the
outer part of the Si-wafer have been etched more. The loading effect is even visible
near the pillars. There is more etching under the pillars than in the field and this
is opposite to the effect obtained using the plasma etches. The etch is very smooth.

Fig. 5.9 was the second etch, which was performed at a lower pressure. This is the
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Figure 5.7: SEM images of dry-etched disks. The images show disks of 2 pm thickness and
an underetched pedestal of 50 pm.

most isotropic etch obtained, yet with the roughest SiO, surface. Plasma-etching
was done for identical (test) wafers (c.f. Figs. [5.10/ and 5.11)). These pillars are very
smooth; however, the etch rate downward is higher than the etch rate to the sides
and it is less isotropic. This is as one would expect with a plasma etch since it is
directional. Unfortunately, there is no visible difference in the surface roughness of

the rims in Figs. 5.10(a) and 5.11/(a).

5.3.2 Configuration II: Multiple disks with constant spacing

Fig. 5.12/ shows the schematic of the configuration of multiple planar silica disks
which were fabricated as part of the NAP112 project. The gap between neighbouring
disks in each group is 5 pm and the scribe lanes were drawn at 5 mm distance. As
explained earlier, these scribe lanes are useful in separating the disks inside each
box and, thereby, facilitate easy coupling of pump light into the disks when using a
tapered optical fibre. The SEM images of these disks are shown in Figs. 5.13/ and

5.14. When working with these disks the idea is that a tapered optical fibre will pass
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Figure 5.9: SEM images of XeFy etched disks at lower pressure.

between neighboring disks, thereby coupling light into both disks simultaneously.

5.3.3 Configuration III: Multiple disks with varying distances

Configuration III contains four divisions on the substrate (c.f. Fig. [5.15). Division
1 comprises of two disk arrays (c.f. Figl5.16(a)), each disk having a diameter of 100
pm and with a gap of 5 um between neighbouring disks, whereas division 2 consists
of three disks per array (c.f. Fig/5.16(a)) with the same gap between the neighbours.

The disk arrangement in divisions 3 and 4 is shown in Fig. 5.17. As an example, the
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Figure 5.10: SEM images of plasma-etched disks.
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Figure 5.11: SEM images of plasma-etched disks at lower pressure.

SEM images of the varying distances between the disks are shown in Fig. [5.18.
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Figure 5.12: Configuration II: An array of multiple disks

5.4 Experimental Considerations

The Q-factor of the microdisks can be measured by coupling narrow linewidth laser
light into a microdisk via the evanescent field of a tapered optical fibre as shown in
Fig. 5.19. By analysing the width of the resulting optical resonances excited within
the microcavity, an estimation of the Q-factor can be made. The laser linewidth
should be of the order of few kHz and the wavelength must be tunable over a wide
range, typically 5-10 nm, in order to observe cavity resonances. If the laser does not
have a large tuning range, once can tune the cavity by heating it, thereby ensuring
that the cavity mode is resonant with the laser wavelength. Unfortunately, the Q-
factor of these devices was not measured as part of this project and, therefore, no

comment can be made about their suitability for future experiments.
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Figure 5.13: Top and side SEM images of the two disk configuration for the Tyndall etched
disks.

5.5 Future Prospects

Microcavity disks, with 100 gm diameter and of varying separation, have been fab-
ricated using Tyndall National Institute’s microfabrication facilities through the Na-
tional Access Programme. SEM images of the disks are promising, since they appear
to be smooth and relatively uniform. Of the two different etching methods used,
dry-etching technique gives the more favourable results. The next step in this work
will be to measure and, subsequently, improve the Q-factors of the microcavities. A
very high Q-factor is crucial for any experiments in the domain of quantum electro-
dynamics, where strong coupling between an atom and the cavity mode is required.
In addition, microtoroids may be more favourable than microdisks since they pro-
vide stronger confinement of the whispering gallery modes in the cavity, leading to
a higher Q-factor in general. For this, a CO2 laser would be used. By heating the
centre of the SiO, disk, one achieves a smooth surface, as explained in the ref. [82].

This is called selective reflow process. These toroidal microdisks exhibit an increase
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Figure 5.14: Top and side SEM images of the three disk configuration for the Tyndall
etched disks.

in Q-factor by four orders of magnitude. Another step to increase the Q-factor is by
doping techniques. For example, using erbium as a dopant with SiOs, higher Q-values

of > 108 is achievable.
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Figure 5.15: Schematic of configuration ITI: Multiple disks with varying distances.
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Figure 5.16: The disk arrangement for (a) division 1 and (b) division 2 in Fig.
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Figure 5.17: The disk arrangement for divisions 3 and 4 in Fig. 5.15
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Figure 5.18: SEM images of configuration III showing the varying distances between the
disks: (a) 2 pm gap, (b) 3 pm gap and (c) 4 pm gap.
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Figure 5.19: Schematic of the photon coupling scheme from a tapered optical fibre into a

microdisk.
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Conclusions

There are many different trapping mechanisms to manipulate cold, neutral atoms.
This thesis explains two important schemes by which one can trap and manipulate
cold atoms with applications in quantum technologies. Also, the experimental ad-
vancements towards the study of the interaction of light with cold atoms has been
discussed. These experiments concentrated on the determination of suitable detectors
for cold atoms + photon interaction experiments, where it is essential to have a good
detection mechanisim. To get information of atom interactions with the evanescent
field, photon detectors are employed. In the future, these experiments will lead to
atom+surface effect measurements such as Casimir-Polder and van der Waals force
measurements. This thesis also gave an introduction to the use of microtechnology
to fabricate microdisks, which could be implemented in the field of cold atoms to
perform cavity QED experiments and quantum information processing by using the
concept of entanglement.

A brief history on developments towards the achievement of cold atoms was re-
viewed. Cold atoms are typically in the range of temperatures one million times colder
than that of the room temperature. The principle behind Doppler cooling, which has
a dependance on detuning of the laser frequency was explained. Taking rubidium

(%Rb) as an atom for cooling, typical values of attainable Doppler temperature were
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shown, which is ~ 150 puK. The technique of optical molasses to achieve a 3D-optical
molasses was explained briefly. After achieving this step it is the addition of a zero
magnetic field region that is responsible for trapping the atoms in the confined region
of space. This is called the magneto-optical trap (MOT).

A theoretical discussion on trapping cold atoms using a tapered optical fibre was
given in Chapter 2. The evanescent field around a tapered optical fibre was calculated
for different thicknesses of fibre tapering. It is worthwhile to note that the tapering
is in the submicron range. The evanescent field extension around the tapered fibre
varies inversely with the thickness of the tapering. A natural consequence of the
existence of the van der Waals force on the atom in the close proximity of the fibre
surface was discussed. Finally, it was shown that by using these tapered optical fibres,
it is possible to create a trapping potential using red-detuned light in the fibre. A
disadvantage of this method, that is worth noting here, is that the depth of the traps
strongly depends on the input laser power. However, recent measurements show that
it should be feasible to transmit up to 500 mW into tapered fibres in UHV without
meltdown occuring. An alternative scenario would be to modulate the input laser
power into the optical fibre, thereby reducing the effective intensity on the tapered
part per second.

Chapter 3 is another theoretical discussion, which is based on a novel technique
of trapping cold atoms by a diffracted field of a red-detuned laser. Here, near-field
Fresnel diffraction in circular apertures was considered to create the trapping poten-
tials. The circular apertures considered are of a size exceeding the optical wavelength.
The field distribution in the vicinity of these circular apertures in a thin screen was

analysed at different distances. This gave an idea of the trapping distance for the cold
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atoms from the surface. As these distances are in the order of microns, the influence
of the van der Waals force and Casimir Polder forces are negligible, and hence have
been neglected in the calculations. Also, the parameters for rubidium and caesium
cold atoms in the trapping potentials were calculated and discussed. This method of
trapping cold atoms has an advantage to perform site selective manipulation, and in
quantum information processing.

After the theoretical chapters, Chapter 4 focussed on experimental work. Mainly
the possibility to use the detectors in cold atoms experiments was considered. These
experiments were performed in the view of light-matter interactions. A technique of
coupling light into single mode fibres (SMFs) is an essential and important task, yet
it is a time consuming and tedious one. Therefore, a coupling mechanism that was
adopted for efficient coupling into SMFs was discussed in this chapter. An APD,
which was fabricated in Tyndall National Institute was characterised. Basic circuits
to bias the APD, and to nullify the noise output were explained. A brief overview of
single photon detectors was also given. Advancement in these solid state devices has
become an important back bone in the field of detector technology. The idea behind
the need for single photon detectors has been made clear. This is due to the fact that
when cold atoms interact with the evanescent field from a tapered optical fibre, there
are very few number of photons involved in the interaction.

In the last Chapter, the fabrication of WGM microcavities was discussed. Com-
parison of dry- and wet- etching fabrication techniques by taking SEM images was
done. This comparision helped to choose the right kind of etching technique to get a
smooth surface for microdisks. Also, SEM images of different configurations of these

microdisks were discussed. An experimental idea to measure the Q-factor of these
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disks was explained. Strong coupling between individual atoms and the WGM of
microtoroids is possible. By this the interactions near the surface of the resonator are
determined by observing transit events for single atoms falling through the evanescent
field.

To summarise, we have learnt how atoms can be cooled using lasers, how to trap
them, how to detect the low light levels of the atom interaction with the light and
how to fabricte WGM disks, which can be used in cold atoms experiments.

A future prospect of the use of these disks would be in our cold atom setup. Also,
improving the Q-factor of the disks would be crucial. By doping the disks with erbium
they would be made active i.e. pumping with 980 nm laser would produce emissions
at 1.5 pm. It is also possible to study strong coupling between photons stored in
the microcavity with cold Rb atoms in a MOT. In principle, this could be done by
coupling the photons into the cavity by using tapered optical fibre. These photons,
in turn, can be coupled to the cold atoms for cavity QED studies. One may also
be able to perform entanglement experiments, thereby paving the way to a better

understanding of cavity + atom systems for quantum logic.
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APPENDIX A

Matlab programs for Chapter 2: Fibre trapping of cold atoms

This matlab program is used to calculate/plot the total potential for the atom (c. f.
Fig.2.5), which clearly depends on the detuning of the laser light and the input beam
intensity.

%van der Waals potential calculations :
clc;
clear all;
r=02:1 e-3:5C =0.78 e3;
V=-(C./7(r-02)"3);
theta_rec =888; W = (V. /theta_rec );

% Optical Potential Calculations : lambda =13;k = (2%pi). /lambda;
g = 5330; % g is the normalised coupling constant

a = 0.2; LAMBDA = 2.42;

q =1. /LAMBDA,

form =230; % m is an integer called orbital angular momentum
Ul= (((M"2 -025). / (k*"2. %*r."2 )) - (g. xbesselk (0,9. *r)."2));

U_totl = W+ U1,
plot (r, (U_totl. +888. *x48 e-11). /1le-3);xlim ([0.2,3 1);
ylim ([-0.4,0.2 1); holdon; grid on;

xlabel (' distance from the fibre surface, r\mum’ ); ylabel (" U_t _o_tinmK" );
end
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Another program, which can plot the potential for m-values is written below. An

example graph, which can be plotted using the below code can be seen in Fig. 2.11.

%van der Waals potential calculations
clc;

clear all;

r=03:1 e-3:5;

C=3e3;
V=-(C./(r-03)."3);
theta_rec = 970;

W= (V. /theta_rec );

% Optical Potential Calculations
lambda = 1.55;

k = (2%pi ). /lambda;

g = 8135;

a=0.3;

LAMBDA= 2.88;

q=1. /LAMBDA,;

% Total potential for a range of m -values #

for

m= 260:10:500;

Ul= (((m~2 -0.25). 7/ (k"2. *r."2 )) - (g. xbesselk (0,g. *r)."2));

U totl = Ws UL,
plot (r, (U_totl. x970. *x4.8 e-11). /1le -3);
xlim ([0,5 1);ylim ([-0.4,0.27 1]);holdon;% gridon;

end
xlabel (' distance from fibre surface, r (\mum) ' );ylabel (" U_t _o_t, (mK");

To find the recoil angle for Rubidium (**Rb).

%To f i nd Thet a_r ec %988888%%

h=6.6e-34;
| anbda =1.55¢€ - 6;
Mass = 1.4 e - 25;

Theta_rec = ((h. /1l anbda). ~2). / (2. *Mass);

%To convert i ntoKel vinscal e
theta=Theta rec. 7/ (1.6e-19. x4.1e -15)
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APPENDIX B

Mathematica programs for chapter3: Diffraction traps for cold atoms
This program is used to plot the 3D-surface-plot of the trapping potential created by
the diffracted field. Later, saved files were loaded in origin and plotted to get the
graphs as shown in Fig. 3.3l

b=2Pi a;
rlo_, z_, &, ¢_1:=Sqrt [z2+p? + £ -2 p £ Cos[o]];
z§&

integrandreal[a_, p_, z_, €&, ¢_]:= ——
rie, z, & o]

1
(— Cos[2Pi ar [p, z, £ ©]1-2Pi aSin[2Pi ar[p, z, & m);
rie, z, & o]

z§

i ntegrandi mginaryla_, p_, z_, &, o_1:= P SEE—
rie z, & o]

1
(—Sin[ZPi arifp, z, § @l1+2Pi aCos[2Pi ar [p, z, &, «:]]];
rie, z, & o]

1
efieldreal [a_, p_, z_]1:= >h NI nt egrat e[i ntegrandreal [a, p, z, & o],
i
{&, 0, 1}, {e, 0, 2Pi }, Method -» Autonatic, M nRecursion-5];

1
efieldimginary[a_, p_, z_]:= o5 NI nt egr at e[i nt egr andi magi nary[a, p, z, & ¢],
i

{& 0, 1}, {e, 0, 2Pi }, Method -» Autonatic, M nRecursion-5];
wla_, p_, z_]:=-efieldreal [a, p, z]?-efieldimginary[a, p, z]?;
(Tabl e[w[1.5, p, 0.5], {p, -1.3, 1.3, .01}];
wtranslista=Table[w[1l.5, p, 0.5], {p, -1.3, 1.3, .01}7;

Li st Pl ot [wtranslista, PlotRange > All])

rholist =Table[p, {po, -1.3, 1.3, .01}];
Export [*c:\\wtranslista.dat", Transpose[{rholist, wtranslista}], "Table"]
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(Tabl e[w[1.5, p, 1], {p, -1.3, 1.3, .01}];
wtranslistb=Tabl e[w[l.5, p, 1], {p, -1.3, 1.3, .01}1;
Li st Pl ot [wtranslistb, Pl otRange » All])

rholist =Table[p, {p, -1.3, 1.3, .01}1;
Export ["c:\\wtranslisth.dat", Transpose[{rholist, wranslistb}], "Table"]

(Tabl e[w[1.5, p, 5], {p, -1.3, 1.3, .01}];
wtranslistc = Tabl e[w[1.5, p, 5], {po, -1.3, 1.3, .01}1;
Li st Pl ot [wtranslistc, PlotRange » All])

rholist =Table[p, {p, -1.3, 1.3, .01}1;
Export ["c:\\wtranslistc.dat", Transpose[{rholist, wranslistc}], "Table"]

The program written below is to plot the 3D-surface-plot of the Fresnel number as
explained in Fig. 3.5.

<< Graphics’SurfaceOfRevolution®
<< Graphics Graphics3D"
O f [General ::spell1]

b=2Pi a,
rlo_.z, &, o_1:=Sart [z?+p?+& -2pgCos[e]];
z¢g

integrandreal [a, .z, &€, ] =—"—
riez, & ¢?

1
(—— Cos[2Piar [p,z, & ¢]]l-2PiaSin [2Piar [p, 2z, &, w]]);
rie z, & o]
. . . z§
integrandimaginary [a, Pz, &, 0] =——m——
rie,z, & o]?
1
[———— Sin [2Piar [p,z, & ¢l]+2PiaCos [2Piar [p,z, &, w]]] ;
riez, & o]
1
efieldreal [, p_,Z_]:= P Nintegrate  [integrandreal [a, o, 2, & oI,
|

{€,0,1 }, {o,0,2 Pi}, Method - Automatic, MinRecursion -5];
1
efieldimaginary [a, o_,z_]1:= e Nintegrate [integrandimaginary [a, p,2, & o],
i
{£,0,1 }, {e,0,2 Pi}, Method - Automatic, MinRecursion -5];

wla_, p_,z_ ]:= -efieldreal [a, p, z 12 - efieldimaginary [a, o,z 1%

pstep = 0.01;
pstart =0;
pend = 2;
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(Tabl e[w[5, p, 0.5], {p, pstart, pend, pstep}];
Ual = Tabl e[w[5, p, 0.5], {p, pstart, pend, pstep}];
Li st Pl ot [Ual, Pl otRange - All];)

(Tabl e[w[1.5, p, 1], {p, pStart, pend, pstep}l;
Ubl = Tabl e[w[1.5, p, 1], {p, pStart, pend, pstep}];
Li st Pl ot [Ubl, Pl otRange » All];)

(Tabl e[w[1.5, p, 5], {p, pstart, pend, pstep}];
Ucl = Tabl e[w[1.5, p, 5], {p, pStart, pend, pstep}];
Li st Pl ot [Ucl, Pl otRange » All];)

M3D[U2D_] : = {
| -

Lengt h[u2D] '
pol Tabl el = Tabl e[

Table[{tmpl[[j, 111, tmpl[[j, 211, a}, {j, 1, Length[tnmp1l]}], {a, O, 2x, 0.1}7;
pol Tabl el = Fl atten[pol Tabl el, 17;
Cort Tabl el = Tabl e[{pol Tabl el[[i, 1]] Cos[pol Tabl el[[i, 3111, pol Tablel[[i, 1]]

Sin[pol Tabl el[[i, 3111, pol Tablel[[i, 211}, {i, 1, Length[pol Tablel]}] // N

oot

tnpl = Tabl e [{ WD[[i11}, {i, 1, Length[U2D]}];

Ua3D = Mk3D[Ual];
Ub3D = Mk3D[Ub1];
Uc3D = Mk3D[Uc1];

scatterpl ot 3d[Ua3D]

"c:\\Uc. dat"
Scat t er Pl ot 3D[Ua3D];

Export ["c:\\Uc. dat", Uc3D];

Lengt h[Ub] +1

tnp2 = Tabl e[ { Wi} {i. 1, f}]

i
Length[Ub] '
pol Tabl e2 = Tabl e[

Table[{tmp2([[j, 111, tmp2([[j, 211, a}, {j, 1, Length[tmp2]}], {e, O, 2, 0.1}];
pol Tabl e2 = Fl att en[pol Tabl e2, 17;
Cort Tabl e2 = Tabl e[ {pol Tabl e2[[i, 1]] Cos[pol Tabl e2[[i, 3111, pol Tabl e2[[i, 1]]
Sin[pol Tabl e2[[i, 3111, pol Tabl e2[[i, 2]]1}, {i, 1, Length[pol Tabl e2]}] // N,

Export ["c:\\fresnel _b.dat", Cort Tabl e2];

i . . Length[U c] +1
Length[U c] ' Uettim}. {in 1. 2 H:
pol Tabl e3 = Tabl e[
Tabl e[ {tnp3[[j, 111, tmp3[[j, 211, a}, {j, 1, Length[tnp3]}], {a, O, 2x, 0.1}];
pol Tabl e3 = Fl atten[pol Tabl e3, 17;
Cort Tabl e3 = Tabl e[ {pol Tabl e3[[i, 1]] Cos[pol Tabl e3[[i, 3111, pol Tabl e3[[i, 1]]
Sin[pol Tabl e3[[i, 31]], pol Tabl e3[[i, 211}, {i, 1, Length[pol Tabl e31}] // N;

tnp3 = Tabl e [{

Export ["c:\\fresnel _c.dat", Cort Tabl e3];
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APPENDIX C

This appendix shows a published paper in Phys. Rev. A., based on the results from
Chapter 3. In order to show the paper in full size, it is intentionally started from

next page.

108



PHYSICAL REVIEW A 78, 013410 (2008)

Atom microtraps based on near-field Fresnel diffraction
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We propose and present a quantitative analysis of neutral atom microtraps based on optical near fields
produced by the diffraction of a laser wave on small apertures in a thin screen. We show that near-field atom
microtraps are capable of storing atoms in micron-sized regions, with estimated trap lifetimes of about 1 s,
when using a moderate laser intensity of about 10 W/cm?. The depth of the proposed Fresnel atom microtraps
is about 0.1 mK. An array of such atom microtraps could have applications to site-selective manipulation of

cold atoms.

DOI: 10.1103/PhysRevA.78.013410

I. INTRODUCTION

In recent years there has been a growing number of ex-
perimental and theoretical studies on the development of,
and applications for, neutral atom traps [1-6]. A new and
poorly studied approach to the development of miniature
atom traps stems from the optical near fields formed by laser
diffraction on small apertures in thin screens. Such an ap-
proach could lead to the fabrication of an array of atom mi-
crotraps and, accordingly, the production of a large number
of trapped atomic microensembles from a single initial
atomic cloud or beam. Earlier work [7] has shown that an
array of atom dipole traps can be produced by focusing a
laser beam on an array of spherical microlenses. The work
presented here relies on a more recent proposal [8], whereby
microlenses, formed in thin screens, can be used to focus
atomic beams. We show that such a system can be modified
to produce a microtrap array, using a moderate incident laser
intensity of about 10 W/cm?.

Similar to other approaches employing laser fields, the
operation of neutral-atom, near-field microtraps relies on di-
pole potentials and their corresponding dipole gradient
forces. However, in other approaches the gradient force
arises from the nonuniform field distribution over the laser
beam cross section or over the wavelength of the laser light,
whereas for near-field microtraps the gradient force stems
from the optical field nonuniformity over the aperture diam-
eter. Consequently, atom microtraps can store atomic micro-
clouds with characteristic dimensions equivalent to or less
than the field wavelength. Such microclouds could be used
for site-selective manipulation of atoms in the field of
quantum-information technologies [9-11].

In this paper, we propose and present a quantitative analy-
sis of near-field Fresnel atom microtraps with a characteristic
aperture size about or exceeding the optical wavelength.
Such traps rely on the near-field diffraction pattern, charac-
terized by a Fresnel number Ny=1. We analyze the field
distribution in the vicinity of a small, circular aperture in a
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thin screen and calculate the dipole potential of the atom in
the diffracted near field. Our analysis of the Fresnel mi-
crotraps shows that, at a moderate intensity of the light field
of about 10 W/cm?, the traps are able to store atoms with a
kinetic energy of about 100 uK during time intervals of
around 1 s.

II. TRAPPING POTENTIAL

An array of Fresnel atom microtraps is schematically
shown in Fig. 1. The traps can be analyzed by considering
the diffraction of a traveling light wave of arbitrary polariza-
tion on a circular aperture

E, =eE, cos(kz — wt), (1)

where e is a unit polarization vector, E is the amplitude, and
k=w/c is the wave vector. When the size of the aperture
exceeds or is equivalent to the wavelength of the optical
field, the electric field behind the aperture can be represented
in the scalar approximation as

E, =eE =e Re(Ee ™), (2)

where £=&(r) is the complex field amplitude. The diffracted
field can be evaluated by applying the Rayleigh-Sommerfeld
diffraction formula [12,13]

S(X,y,z)zz%(_)‘_ffwe)(%—ik)dx’dy’, 3)

where the distance between the point (x,y,z) in the observa-
tion plane and the point (x’,y’,0) in the aperture plane is r
=[22+(x—=x")2+(y-y")?]"2, and the integral (3) is considered
to be taken over the aperture region.

The evaluation of the Rayleigh-Sommerfeld integral can
be simplified by taking into account the axial symmetry of
the diffracted field. By introducing cylindrical coordinates
p', ¢ in the aperture plane and cylindrical coordinates p, ¢
in the observation plane one can rewrite the diffracted elec-
tric field as

©2008 The American Physical Society
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Thin screen

Near-field atom ——

microtrap
Vi

IR

(a)

E (b)

FIG. 1. (Color online) (a) An array of atom microtraps produced
by diffracted optical near fields. (b) Schematic of a single microtrap
formed by a circular aperture of radius a. E; represents the incom-
ing light field and E, the diffracted near field.

Ey (“ (" explikr) (z\(1 o
g(P,Z)=2*Of f pi(*)(*—lk)d(pp dp', (4)
mJo Jo r r r

where now r=[z22+p>+p'>=2pp’ cos ¢]'%, @=¢'— ¢ is the
relative angular coordinate, and a is the aperture radius.

For a red-detuned light field, the potential of a single mi-
crotrap is defined by the value of the light shift according to
the usual equation [14]

U=-h— (%)

where (A =dE/2# is the Rabi frequency, d is the dipole ma-
trix element, and d=w— wy is the detuning of the light field
with respect to the atomic transition frequency w,. Accord-
ingly, for the diffracted field represented by Egs. (2)—(4), the
potential of an atom in a single microtrap can be written as

U 3§ ©)
==Uo />
E;
where
3y E
UFg@k*f (7)

is a characteristic value of the potential and 7y is half the
spontaneous decay rate. In what follows, we consider the
case when the radius of the aperture, a, only slightly exceeds
the optical wavelength \. In this case the Fresnel number Np
is expected to be approximately equal to 1—i.e.,

PHYSICAL REVIEW A 78, 013410 (2008)

SN
= e

U/U,
<)
(4]

FIG. 2. Atom potential in a Fresnel atom microtrap as a function
of transverse coordinates for radius a=1.5\ (ka=9.4), at distances
above the aperture z=0.5a, 1a,5a.

Ninz]’ (8)

where z,, is a characteristic vertical distance from the aper-
ture to the maximum of the electric field intensity. Accord-
ingly, the electric field intensity is expected to have a single
diffraction maximum, and the atom potential will also have a
single minimum. An example of the single-minimum atom
potential is shown in Fig. 2 for different values of the vertical
coordinate z.

Alongside the integral representation of the diffracted
field and the corresponding potential of the atom, one can
also find an analytical representation of the atom potential
near the symmetry axis of the microtrap. This can be done by
decomposing the integrand in Eq. (4) into a series in small
radial displacements, p<a [8,15]. Considering the second

013410-2
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FIG. 3. (Color online) Atom potential of the Fresnel atom mi-
crotrap as a function of the coordinates z and p for a=1.5\.

order in p, one can represent the near-axis atom potential as
parabolic in the transverse direction,

2
2
Ulp,2)=— Uo{l + %— = cos k(R,-z)

a a
Ka’zp? 3 z
_TRZ l_kTRg ;H_COSk(Ra_Z)
> sin k(R - ) ©)
+ — -
k. sink(R,—-z R

where R,=va’+z>. The potential represented in (9), when
considered as a function of the vertical coordinate z, has a
minimum at z=gz,,, defined by the transcendental equation

a’z 1
2+ (A2 + B

where tan y=B/A, with A=a?/(a’>+z%) and B=kz(1-z/R,).

The dependence of the potential U=U(p,z) on the coor-
dinates z and p is shown in Fig. 3 for the same aperture size
as used in Fig. 2. The near-axis potential represented by Fig.
3 has a minimum at z,,=1.47a=2.2\. In accordance with our
expectations, the Fresnel number Np=1 at this value of z,,
and the atom potential has a well-defined minimum near the
Z axis.

cos[k(R,—z) — x]= ( (10)

III. PARAMETERS OF NEAR-FIELD MICROTRAPS

We evaluate parameters of the Fresnel atom microtraps
for (i) ¥*Rb atoms, which interact with a far-red-detuned light
field at the dipole transition 52§,,(F=3)—52P;,(F=4)
with wavelength A =780 nm, and (ii) 13¢5 atoms interacting
with the light field at dipole transition 6 2S],Z(F =4)
—62P,,(F=5) with wavelength \=852 nm. For the dipole
transition in Rb, the natural linewidth is 2y=2m
X598 MHz and the saturation intensity is g
=1.6 mW/cm?. For '3Cs the corresponding values are 2y
=27X5.18 MHz and Ig=1.1 mW/cm? [14].

PHYSICAL REVIEW A 78, 013410 (2008)

TABLE I. Parameters of a near-field Fresnel diffraction trap for
85Rb and '*Cs atoms with an input laser power of 10 W/cm? and
detuning §=—10%y for an aperture radius a=1.5\.

Atom U, (mK) v, (kHz) v, (kHz) p(nm) Z(nm) 7(s)
8Rb 0.13 34 19 60 80 0.6
133¢s 0.17 29 14 51 73 1

We choose the radius of the microtraps to be a=1.5\,
with a=1.2 um for ¥Rb atoms and a=1.3 um for *3Cs
atoms. For these two cases the minimum of the trap potential
is located at distances above the aperture, z,,=1.76 um and
1.91 wm, respectively. Choosing a laser intensity [
=10 W/cm? and a large negative detuning 6=—10*y, we can
evaluate the depth of the potential U, as 0.13 mK for Rb and
0.17 mK for Cs, respectively. The energy levels near the bot-
tom of the trapping potential,

1 1
E=hvp(np+5>+hvz<nz+ 5), (11)

can be evaluated by representing the potential (9) near the
minimum as a harmonic potential,

1 1
Ulp,2) = sMwpp? + SMi(z=2,)%, (12)

where M is the atom mass. This procedure shows that at
chosen parameters of the microtraps, typical oscillation fre-
quencies are of the order of 10 kHz. Specific values of the
transverse frequencies, v,=w,/2, and longitudinal frequen-
cies, v,=w,/2mm, for 8Rb and '*Cs atoms are shown in
Table I, together with values of the characteristic oscillation
amplitudes in the ground state, p=#i/Mw, and 7= Vi Mo,.
Note that the number of quantized energy levels in the mi-
crotrap potential is estimated to be about 50, with a typical
energy separation of about AE=1 uK.

It is worth noting that the optical potential of a Fresnel
atom microtrap could generally be distorted by the Casimir-
Polder potential due to the presence of the screen [16]. Since
the considered optical potential is localized at distances z
from the screen, where z>N\/27, the contribution of the
Casimir-Polder potential for the case of a perfect metal
screen and in the absence of any opening can be evaluated as
[16-18]

ﬁ 4
UCP@:-Z—;(ZLW) . (13)

We estimate the value of the potential Ucp(z) at two impor-
tant points: (i) at the position of the potential well minimum,
z,,=2.2\, and (ii) at the position of a local maximum of the
optical potential, z),=0.7\. Near the bottom of the optical
potential the Casimir-Polder potential is about 4 X 10™* uK
for both 33Rb and '**Cs atoms. At the position of the local
maximum the Casimir-Polder potential is about 5
X 1072 uK. Since the depth of the optical potential well is
estimated to be about 100 K, the above estimates show that

013410-3
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for the Fresnel atom microtraps considered here the Casimir-
Polder potential can be neglected.

Similar to conventional far-off-resonance dipole traps, at-
oms can be lost from the Fresnel atom microtrap due to
diffusive heating of the atoms and collisions with the back-
ground gas [19]. Assuming the rest gas pressure is chosen to
be sufficiently low, we can evaluate the lifetime of the atoms
in the Fresnel atom microtrap by considering the diffusion
broadening of atomic velocities due to photon recoil fluctua-
tions. For this process, the velocity diffusion coefficient has a
standard evaluation as D= yv%([ /15)(y/ 8%, where v,
=fik/M is the recoil velocity, I is the light field intensity, and
I is the saturation intensity [19]. Assuming that the kinetic
energy of an atom escaping from the trap is approximately
equal to the potential well depth, Mv?/2=U,, and the atomic
velocity is defined by the diffusion broadening, v>~ D7, we
can evaluate the trap lifetime 7 as

_ 2 (L)(8)
e o

r

For the above chosen parameters, a trap lifetime of about 1 s
can be achieved, as given in Table I. The lifetime can be
increased by increasing the input laser power, which, in turn,
increases the trap depth.

IV. CONCLUSION

We have proposed a system of neutral atom microtraps
based on a series of circular apertures in a thin screen. Laser
light incident on the screen produces an array of potential
minima for atoms in the near field. Our analysis shows that
these near-field atom microtraps can store cold atoms for
times up to seconds. The potential well depth of the mi-
crotraps is mainly determined by the intensity of the incident
laser field and the detuning. By varying these two parameters
one can achieve robust control over the trap parameters. A
numerical analysis for 8Rb and '*Cs atoms shows that a
trap depth of 0.1 mK can be achieved, with storage times up
to a second at an incident laser intensity of 10 W/cm?. With
such trap lifetimes one can perform atom optics experiments
by blending microfabrication technology with cold atoms
[7]. An important point to note is that each individual mi-
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crotrap uses only about 0.5 uW in the above considered
case, where the aperture radius a=1.5\.

We also note that, in the present consideration, we have
limited our analysis to the case of apertures that are well
separated in the screen. For a periodic array of densely
spaced microtraps, one may expect even further reduction to
the required incoming laser power due to an enhancement of
the diffracted field during light transmission through the mi-
croaperture array [20,21].

Finally, we note that the above-considered microtraps
possess the same basic properties as for far-off-resonance
dipole traps. Hence, the proposed traps are free of some per-
turbations that are significant in other types of atom traps. In
particular, such processes as spin flips near surfaces [22],
which redistribute trapped atoms over magnetic sublevels,
cannot influence the lifetime of atoms in the proposed
Fresnel atom microtraps. Another advantage of near-field mi-
crotraps is that they are capable of storing atoms at relatively
large distances from the material screen which produces the
diffracted light field. Accordingly, the internal and transla-
tional states of the atoms stored in the near-field microtraps
are primarily defined by the dipole interaction with a far-
detuned light field only. In particular, we have shown by
numerical evaluation that the influence of the Casimir-Polder
potential on the atomic states in a Fresnel atom microtrap
can be neglected. The van der Waals energy shifts [23] can
also be shown to have a small influence on the atomic states
trapped in a Fresnel atom microtrap. It can also be noted that
the presence of the opening in the screen can be considered
as an advantage for loading the atoms into near-field mi-
crotraps, as such microtraps ease the application of standard
loading techniques widely used for other types of dipole
traps [14,19]. An alternative loading scheme using optical
tweezers may be feasible [24], due to the dimensions being
considered within the proposed trap geometry.
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