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Zuammenfassung

Das Fangen und Manipulieren der Bewegung von Teilchen mittels Laserlichtfeldern
ist seit Jahren ein aktives und stark wachsendes Forschungsfeld. In dieser Arbeit
werden die Wechselwirkungen von Teilchen mittels dem evaneszenten Lichtfeld einer
optischen Nanofaser untersucht. Lichtfasern konnen Licht {iber lange Strecken fast ohne
Absorption oder Beugungsverluste transportieren. Mit speziellen Verfahren koénnen
solche Fasern so diinn gezogen werden, dass ihr Durchmesser nur einen Bruchteil der
Lichtwellenldnge betragt und nur eine einzelne fundamentale Mode propagieren kann,
wobei ein Teil des Lichts auflerhalb des Fasermaterials gefiihrt wird. Teilchen nahe
der Oberflache der Faser konnen mit diesem Licht wechselwirken und induzieren eine
teilweise Reflexion der entlang der Faser propagierenden Lichtwellen. Werden die
Teilchen mit einem Pumpfeld von der Seite beleuchtet, konnen sie einen Teil dieses
Feldes in die Faser streuen. Somit dndert ein Teilchen das Faserfeld in einem sehr
groflen Raumbereich, was zu kollektiven langreichweitigen Wechselwirkungen zwischen
mehreren Teilchen nahe derselben Faser fithrt. Unter geeigneten Bedingungen streuen
die Teilchen das Licht genau so, dass sie dadurch ihre eigene Falle bauen und sich entlang
dieser Faser anordnen. Typischerweise ordnen sie sich dabei so an, dass sich wie zwischen
zwei Spiegeln hohe Intensititen zwischen Teilchengruppen aufbauen, dhnlich einem
optischen Resonator. Solche Konfigurationen sind stabil im Grenzfall von schwacher
Riickstreuung des Faserfeldes durch ein einzelnes Teilchen. Fiir groflere Teilchenanzahlen
kénnen mehrfache Streuungen und Absorption zu dynamischen Instabilitaten fithren.
Verschiebt man ein Teilchen leicht aus seiner stabilen Position, dndert das die Kraft auf
alle anderen Teilchen und sie beginnen kollektiv innerhalb ihrer Falle zu oszillieren.

Wéhlt man ein breitbandiges Feld fiir die transversale Beleuchtung, dann fallt die
Wechselwirkung zwischen den Teilchen, abhéngig von der Bandweite des Lichtfeldes,
exponentiell mit dem Abstand ab. Die Teilchen entlang der Faser ordnen sich meist
jedoch immer noch in stabilen Konfigurationen an. Verwendet man mehrere breitbandige

Felder mit unterschiedlicher Frequenz und Intensitit, dann kann die resultierende Kraft
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zwischen Teilchenpaaren als eine Cosinus-Fourierreihe angeschrieben werden. Dies
erlaubt die Wechselwirkungen zwischen den Teilchen sehr genau zu kontrollieren. Je
nach Intensitdat und Frequenz der unterschiedlichen eingestrahlten Feldfrequenzen kénnen
die Wechselwirkungen zwischen den Teilchen fast beliebig angepasst und auch zwischen
bestimmten Teilchenpaaren ausgeschaltet werden. Mithilfe dieser Kontrolle erscheint
es moglich, komplexe Quantensysteme analog simulieren zu kénnen und auch digitale
Quantengatter zu implementieren. Als spezielles Beispiel wird hier gezeigt, wie man
Coulombwechselwirkungen zwischen Ionen simulieren und universelle Gatter designen
kann.

Eine weitere spannende Moglichkeit ergibt sich, wenn man eine Mikrofaser mit etwas
groflerem Durchmesser verwendet, sodass auch transversale Moden hoherer Ordnung in
der Faser propagieren konnen. Dies erlaubt eine starkere Kopplung der Teilchen an die
Faser. Da die Teilchen in diesem Fall auch Licht zwischen den unterschiedlichen Moden
streuen konnen, lasst sich dadurch auch eine seltsam wirkendende Traktorkraft auf die

Teilchen entgegen der Einfallsrichtung des Faserlichts erzeugen.
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Abstract

Trapping and manipulating particles in optical fields has seen tremendous progress in
the past decades with several Nobel prizes awarded in the field. In this thesis I present a
more recent implementation, where particles are trapped in the evanescent field of light
travelling along an optical nanofibre. Such fibres can guide light almost unattenuated
and without diffraction over long distances. By heating and pulling one can produce
very thin fibres with a diameter smaller than the wavelength of the propagating light
field, so that only the fundamental mode can propagate and a large evanescent field
outside the fibre arises. The particles along the fibre can reflect or transmit light from
this fibre field. Additionally the particles are illuminated by a transverse pump field
and they can scatter light from this field into the fibre. In this way, the particles reorder
the fibre field, which leads to collective long-range interactions between the particles
along the fibre. The particles scatter the fibre field in a way so that they build their
own trap and self-order along the fibre acting like mirrors and trapping high intensities
between them. These stationary configurations are stable in the weak scattering limit,
where backscattering of the fibre field can be neglected, while for large particle numbers
multiple scattering and absorption can lead to dynamical instabilities. When slightly
shifting one particle from its stable position, it changes the forces on all particles and
they start to collectively oscillate inside their traps.

Using a broadband field as transverse pump field the interactions between the particles
exponentially decay with the bandwidth of the field and the distances between the
particles, but the particles still find stable configurations. When shining broadband
fields with different frequencies onto the particles the force between the particles is a
Fourier cosine function, and thus the interactions between the particles can be tailored.
Depending on the intensities and frequencies of the different fields, the interactions
between the particles can be tuned and even turned off for special particle pairs. This
property is a very powerful tool for simulating complex quantum systems, but also

to implement quantum gates. In this thesis the simulation of Coulomb interactions
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between ions and the designing of universal gates are demonstrated.

When using a microfibre with larger diameter also higher order modes can propagate
along the fibre. In this case the coupling strength between the particles and the fibre is
enhanced. The particles can scatter light between the different modes, which can even

lead to a stationary tractor force against the injection direction.
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1. Introduction

In 1619 Johannes Kepler (1571-1630) came up with the idea that light contains mo-
mentum as he observed that comet tails always point away from the sun [I]. He
postulated that this force acting on interstellar particles arises due to the radiation
pressure of light. Centuries later, in 1970, Ashkin could show that this radiation pressure
force can be used to accelerate particles in the propagation direction of the laser beam or
to trap particles when using two counterpropagating beams [2]. For a strongly focused
light beam, far detuned from any atomic resonances, a second force plays an important
role, the so-called dipole force. This force can be used to trap particles in the center of
the beam at positions of maximal intensity. In 2018 Ashkin was awarded with the Nobel
prize for this invention of using the dipole force to trap particles in optical tweezers [3].
His experiment proved the possibility of trapping particles by a single beam for the first
time and opened up a lot of new opportunities for trapping and manipulating particles
by a light field.

An improved approach for using optical forces to trap and cool atoms are optical cavit-
ies [4; [5], where even self-ordering of the particles could be observed [6]. In such cavities
the light is reflected by mirrors placed at both sides of the atoms before leaking out of
the cavity and thus passes the atoms more often, which increases the coupling between
the light and the atoms. Depending on the cavity geometry only certain spatial field
distributions called cavity modes are resonantly enhanced at well defined frequencies
[ 8].

An alternative route to achieve a local high field concentration is transverse confinement
of the field. Due to diffraction, in free space this method is limited to a very tiny focal
spot. This problem can be overcome by using an optical waveguide system instead of a
cavity. In such a waveguide the light travels almost lossless and is transversely strongly
confined over a very large distance, which leads to much stronger interactions between
the atoms and the light field than in free space. In contrast to a cavity system, here, the

photons can propagate for very long distances along the waveguide and are not restricted
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to specific resonance frequencies. As photons carry energy and momentum they mediate
interactions between particles at different locations. In a quantum description they
carry quantum information in the form of flying qubits. Hence such a setup is a very
promising tool to build a quantum network sometimes termed as a quantum internet [9].
When using very thin waveguides, so called nanofibres [10], with a diameter smaller than
the wavelength of the light field, not all light is confined within the fibre material and a
strong evanescent field arises outside the fibre. In this case the interaction between the
nanofibre light modes and the particles can be so strong, that the particles are trapped
in this evanescent field of the fibre, when a carefully chosen combination of light fre-
quencies is sent through the fiber [IT]. Any particle trapped in a corresponding particle
chain “sees” the light reflected and transmitted through the waveguide by all the other
particles. This leads to collective quantum effects, as e.g. Bragg reflection, sub- [12]
and superradiance [I3], correlated photon emission [14] or mechanical self-ordering of
mobile particles along the waveguide [15; [16].

Recent progress in fibre and laser technology has also shown that such waveguides are a
very promising tool for quantum computation and simulation [I7H23]. Some examples
are the creation of Schrédinger cat states [24], the design of quantum gates [25; 26],
entangled states [27; 28] or the realization of the Bose-Hubbard Hamiltonian [29; [30].
In the approach presented in this thesis the particles are assumed to be optically trapped
in a 1D potential along the nanofibre. In addition they are transversely illuminated
and thus will scatter light from this transverse pump field into the fibre [15; [16]. By a
proper choice of the spectral composition and intensity of this pump field, interactions
between particles at different positions can be designed. This gives one the possibility
to simulate symmetric interactions with a very general spatial dependence or in specific
cases to implement quantum gates.

In this thesis in chapter [2] T will first introduce the basic theoretical concepts and specific
ideas allowing to trap particles along a nanofibre. Such nanofibres are constructed
so that they exhibit a strong evanescent field. Particles along the fibre interact with
this evanescent field via the induced optical dipole force as well as radiation pressure.
Fundamental properties of nanofibres and the field propagation within are also described
in this first chapter. Trapping and manipulating atoms or molecules along a nanofibre
has been of strong interest for the past few years and a lot of experimental investigations
have been developed. I will mention some of these experimental implementations and

discuss their advantages and disadvantages.



The model presented in this work is based on a new generalized approach for such
implementations as shown in chapter [3| Here the particles do not only interact with the
fibre field but they are also illuminated by a transverse pump field and can scatter light
from this pump field into the fibre. This field scattered into the fibre by the particles
then propagates through the fibre and changes the currently present field. Fortunately,
as the physics is essentially one dimensional, the scattering processes of the field by
the particles can be effectively described by a beamsplitter matrix approach. Photons
passing by a particle are either reflected backwards, transmitted forward or scattered
out of the fibre. A simple corresponding model then connects the amplitudes of the
fields on both sides of a particles. Based on their relation the Maxwell-stress-tensor can
be used to calculate the missing momentum in the field and thus the force acting on
the particle.

In the weak coupling limit most photons are transmitted and we can safely assume that
most of the force arises due to the scattering of the transverse pump field into the fibre
and neglect force contributions from backscattering of the light field within the fibre.
This is a good approximation at least for small particle numbers but is not valid for
large system sizes where collective scattering gets significant. But in the weak coupling
limit the force on a particle is the sum of all pair forces between this particle and all
the other particles which allows to define an effective optical potential.

The particles along the nanofibre collectively redistribute the light in a way that they
build their own optical trap which induces self-ordering along the fibre. In part [I] we
study the stability and oscillations of such a crystalline structure. While in the weak
scattering limit the particles form stable configurations along the fibre, scattering and
absorption of the light field can destabilize the structure for large system sizes.

Using a broadband field as pump changes the interactions between the particles in a very
variable form and one can tune the very long-range interactions even to only nearest
neighbour interactions depending on the bandwidth of the incoming field. The behaviour
of particles in such a field is investigated in part [[I. The particles still self-order in stable
configurations. There, we even consider the extreme case of a thermal radiation field
with a Planck spectrum, where multiple scattering effects lead to a complex interplay
of attraction and repulsion at distances around the thermal radius.

The combination of several broadband fields with different frequencies gives the pos-
sibility to tune the interactions between the particles. In that case one can write the

pair forces as a Fourier cosine function, which leads to complex force shapes. So, the
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interaction between the particles can be designed by choosing the properties of the
incoming field and even turned off for special particle pairs.

This nice feature is a very promising tool for quantum computation and simulation. In
part [[TT] we derive a quantum model by quantizing the motional degrees of freedom of
the particles. The particles then can be described by quantum oscillators interacting via
the fibre field. By a proper choice of the properties of the incoming field this model can
be used to simulate Coulomb interactions between ions. When describing the oscillator
states as qubits this approach can be used to design quantum gates or to entangle
states.

Another route to generality and better control of the particles involves microfibres with
a somewhat larger diameter so that also higher order transverse modes can propagate.
As shown in part [[V]in such fibres the coupling between the particles and the fibre
field is typically larger than in a single mode fibre. As one intriguing consequence
of scattering between the different fibre modes, a stationary tractor force against the

injection direction can be implemented.



2. Coupled atom-field dynamics near

an optical nanofibre

In this section we shortly review the physics of light propagation in an optical fibre and
discuss how polarizable particles can interact via the the fibre field. Subsequently, some
generic experimental realizations are introduced and the advantages and disadvantages

of these implementations will be discussed.

2.1. Light propagation inside a fibre

Optical fibres are used to transport information over thousands of kilometres. The light
inside the fibre is strongly confined in the transverse direction and can be transmitted
over long distances almost lossless and unperturbed as it is well isolated from the
environment [31]. Typical fibres consist of a core and a cladding as depicted in fig. .
As the refractive index of the core is higher than the refractive index of the cladding, the
light is totally reflected at the border between the core and the cladding, when launched
into the fibre at a special angle [32]. Usually the cladding of such fibres is made of silica

and the core of silica doped with Germanium to increase the refractive index [33]. The

cladding

Figure 2.1.: A fiber consists of a core and a cladding with the refractive indices ny > no.
Guided modes (red line) are totally reflected at the border between the core and the
cladding, when 6 larger than the critical angle.
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rays totally reflected at the boundary of the fibre core has to cover different path lengths.
Due to interference between these rays, some of them will interfere destructively and so
are not able to propagate through the waveguide.

Due to the wave character of light some properties of optical fibres can not be explained

by this ray theory, but one needs to model it based on the electromagnetic wave theory:

) = E(r, ¢)e* ", (2.1a)
t) = H(r, ¢)e™ ", (2.1b)

=l

(
(

Tty
I

!

for the electric and magnetic fields E (7, t) and H (7, t) at position 7 and time ¢ propagat-
ing along the fibre axes x, with frequency w, wavenumber k, radial distance from the
fibre axes r and ¢ the angle between the fibre axes and the position. For a given

frequency and wavevector the field has to fulfil the Helmholtz equation [34]
E(7,t)
A+n?2—p2) [ 277 ] =0, 2.2
( 7) H(t (22

with [ the modal propagation constant and n the refractive index. The solutions to this
equation are the so called fibre modes, which are Bessel and modified Bessel functions.
For the exact mathematical description of the modes, one can look at [35].

The fibre modes can be divided into guided and radiation modes. Only the guided
modes can propagate along the fibre, while radiation modes are refracted waves and
carry energy out of the core. Fibre modes describe the propagation of the light field
through the fibre. In the fibre system we are not limited to special frequencies, but the

fibre can support a broad frequency spectrum. Depending on the V' number [36]

2
V= % n? — n3, (2.3)
with the fibre radius a, refractive indices of the core and the cladding n; and ny and
wavelength of the light field A, different numbers of modes can propagate inside the
fibre. For V' < 2.405 only a single mode can be supported by the fibre. To fulfil this
condition, the fibre has to be very thin and the difference between the refractive indices
small.

The light field propagating through the fibre does not drop immediately to zero at the
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border of the core but there is still some part of the light exponentially decaying inside
the cladding, the so called evanescent field. The evanescent field drops exponentially
outside the waveguide and can transport energy along the boundary. Imagine a light
wave impinging on the boundary between the waveguide core and the cladding at an
angle 0, larger than the critical angle for total reflection. A part of this wave is then
totally reflected back to the core and a part F; transmitted and refracted into the
cladding at an angle 0y as depicted in fig. 2.1 So the wave in the cladding can be
described by

E2 _ EteikQ(zCOS(GQ)erSin(GQ))7 (24)

with x the fibre axes, y perpendicular to the fibre axes and ky the wavevector for the
field in the cladding. Using Snell’s law ny cos(6;) = ngcos(fy), with n; and ng the

refractive indices of the core and the cladding, we rewrite

2
ika (zZ; cos(61)+y 1—% 0032(91)>
2

EQ = Ete (25)

As the square root term in the exponent is imaginary for the angles larger than the

critical angle, we can define \/1 — Z—z cos?(#y) = +ik and, thus
2

Ey = Ete’“'”yeik”% cos(61), (2.6)

So the wave in the cladding decays exponentially perpendicular to the fibre axes and
propagates along the waveguide [36].

When using very thin fibers with a diameter smaller than the wavelength of the
light travelling inside the fibre, so called nanofibres, this evanescent field can be very
strong [35]. Such fibres can be produced by heating and carefully pulling a usual glass
fibre [10; B3]. Then the fibre core is reduced to virtually zero diameter and plays no
role any more. The light then is guided in the cladding region with a significant portion
of the energy contained in the evanescent field outside the fibre.

Usually such fibres are so thin that only the fundamental HE;;-mode can propagate
along the fibre. Using fibres with a larger diameter, where also higher order modes are
guided through the fibre, more light could be coupled inside the fibre, and the coupling
between the fibre light and the particles could be increased [37-H39].
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2.2. Optical forces

When shining light on a particle, the interaction between the particle and the light field
exchanges energy and momentum between the light and the particle. The mechanical
interaction can be explained by two optical forces: the dipole force and the radiation
pressure [40; [41].

To understand these two forces we will use the classical Lorentz model. Here we
will mostly follow the work of Steck [42]. Let us imagine a light field shining on an
atom. The atom consists of an electron with mass m. and charge —e elastically bound
to a nucleus with charge +e and frequency wy, driven by an external electric field
E (t) = Eqeit + Ege_i”t7 with frequency w. Here one can assume that the size of the
atom is much smaller than the wavelength of the electric field, so that the nucleus and
the electron “see” the same field. Considering also damping ~y due to charge acceleration

or atom collisions the equation of motion for the electron can be written as
Med + myid + mwiz = —e (Eoeth + Ege_i“t) : (2.7)

with Fl = —¢E the force on the electron due to the electric field.

Using the ansatz x(t) = zoe™! + zie™™!, one finds

eEo/m.

—wi +iyw

(2.8)

To =
w?

So the light field shining on the atom induces an electric dipole and the particles start
to oscillate at the same frequency as the incoming light field.
The dipole moment of the atom is defined as d=—ei = a(w)ﬁ , with « the polarizability

describing the reaction of the atom to the electric field

—e?/m
with
e?/me (Wi — w?)
R () = — g = (2.10a)
Y2w? + (w§ — w?)
2
S} ¢ /meyw (2.10D)

w4 (@ —wd)”



2.2. Optical forces

While R () depends on the detuning of the field and is positive for red detuned light
and negative for blue detuned light, & («) is always positive. As we will see later the
real part of the polarizability is proportional to the dipole force and the imaginary part

is proportional to the radiation pressure force.

2.2.1. Dipole force

The incoming light field induces an oscillating dipole in the atom. This dipole then
radiates light, which interferes with the incoming light field and, thus, leads to forces
on the particle. The potential on the induced dipole reads

IF (Joeiwt + d_ée—iwt) (Eoeiwt + E’Se—iwt)

Vaip = 5 =" 5 : (2.11)

+2iwt

The terms «x e oscillate twice as fast as the electric field and cancel out when

averaging over time, and thus
Vaip = —R () | Ep|* o< =R () 1, (2.12)

with intensity I. So the dipole potential is proportional to $ («) and, thus, is negative
for red detuned light and positive for blue detuned light. Consequently, to minimize
the potential the particle is pushed towards higher intensities for red detuned light and

towards lower intensities for blue detuned light.

2.2.2. Radiation pressure

The radiation pressure arises due to absorption and incoherent re-emission of the
incoming light field. When the incoming photons are all coming from the same direction
but are uniformly emitted in a random direction, this leads to a net momentum transfer

onto the particle and the particle is pushed away from the light source.



2. Coupled atom-field dynamics near an optical nanofibre

The electric and magnetic field of an oscillating dipole at position 7 reads [43]

— 1
Eo(T,t)

(3(e-7)7—d (dog") + do“”) b (e doltr) (5 130

47eq cr? TeEy c2r

AoFt) = < (@ x 7 (CZ)(”) + J(’(tr)) , (2.13D)

cr? c2r

with the retarded time ¢, =t — /¢, the polarization unit vector € and r = |7].

As only the terms o< 1/r transports energy to infinity we only keep these terms

Eo(7t) ~ e ((€-7)7—¢€) 2, (2.14a)
. 1 dolt,
Ho(71) ~ - (€x7) 0; ) (2.14D)
The transport of energy can be described by the Poynting vector
e e
(S) = Ey x H} + E x Hy = | 0(2” (1= &) 7, (2.15)

8m2epc? 1

with ((€-7) 7 — &) x (& - 7) = (1 — |7 €?) 7 = 7'sin? (9) for a linear polarized light field,
and 6 the angle from the z-axis.

The power P can be calculated by integrating the Poynting vector over the area

p= f§ dA. (2.16)
With )
AP |dof? |
- 8%2(;002 sin? (6) . (2.17)

the total radiated power can then be found by integrating over the solid angle

do|?
= . 2.18
8m2¢e(c? ( )
Using
d = o (Ee™ + Eje "), (2.19)

10



2.3. Experimental implementations

and thus

—

d = —w?d, (2.20)
we can easily rewrite the radiated power in terms of the polarizability and intensity [

waw)?,  we?

P =

= S(a)l. 2.21
6re3dct 671'6004’)/771\9 () (221)

As the force is proportional to the radiated power, we can see that in this case the force

depends on the imaginary part of the polarizability.

Note, that for far detuned light fields R () scales with 1/(w2 — w?), while 3 (a) scales

with 1/(w? — w?)?. Consequently, in this case, the dipole force dominates the radiation

pressure.

2.3. Experimental implementations

These optical forces can be used to trap and manipulate particles along the fibre axes
and lead to self-organization of the particles. As shown above the direction of the dipole
force depends on the frequency detuning. For red detuned light the particles are pushed
towards higher intensities and for blue detuned light towards lower intensities. This
feature can be used to create an optical trap formed by two evanescent waves [44]. The
idea of creating such a trap is to produce a short-range repulsive and a long-range
attractive force. This can be done by using a blue detuned light field with small
penetration depth and a red detuned light field with large penetration depth into the
vacuum. Note, that both fields have to be far detuned so that the radiation pressure is
small compared to the dipole force to produce a trap with a large coherence time and a
large trap lifetime [45].

In 2010 Rauschenbeutel and coworkers used this idea to trap Caesium atoms in the
evanescent field of a nanofibre [11; [45]. If one launches a blue and a red detuned light
field into the fibre, the blue detuned light field repels the particles from the fibre, while
the red detuned light attracts the particles towards the fibre surface. The combination
of the two fields leads to a potential minimum near the fibre surface. Additionally
they launched a second red detuned counterpropagating field into the fibre, so that the
two counterpropagating red detuned light fields generated periodically-spaced potential

wells. In such a system thousands of atoms can be trapped and strong collective effects

11



2. Coupled atom-field dynamics near an optical nanofibre

could be observed [I4]. Even an external excitation laser could be included, which has
to be adjusted in a way to counteract recoil and heating mechanisms. The particles
then scatter this field and a part of it couples to the nanofibre-guided mode [46].

An important parameter for such systems is the coupling efficiency /3 between the
particles and the waveguide which is defined as the radiative decay rate of a single

emitter 7g4q into the fibre compared to the total decay rate ot

3 = Jeuid (2.22)
Vtot

For atoms along a nanofibre only an efficiency of 8 ~ 10 % — 20 % could be obtained [47],
but recently the system could be improved by using hole-tailored nanofibers and a
coupling efficiency of 62.8 % could be reached [4§].
The coupling between the particles and the fibre could be enhanced when using photonic
crystal waveguides, which offers new possibilities to control the atom-light interaction.
In such photonic crystal waveguides the light is reflected multiple times off the dielectric
modulation, so that the interaction time with the particles is extended. The emission
rate into the fibre in such systems can reach 89 %— > 99 %, when using quantum
dots [49H51]. One special photonic crystal waveguide is the so called “alligator” photonic
crystal waveguide, where an efficiency of 100 % was obtained [52].
As such waveguide systems are not always perfect, some problems can arise, which
can also affect the particle-light-interactions. One of the most famous problems is the
Anderson localization where light is confined instead of guided through the waveguide
due to scattering disorder. Another problem is atomic adsorption on the waveguide
surface, which can generate electric field fluctuations [53], change the refractive index
or heat up the system [54].
A very nice feature of such nanofibre systems is the chirality of the atom-photon coupling
[55H5T] arising due to longitudinal components of the electric field in a nanofibre which,
dependent on the propagation direction, can induce a different circular polarized field
component close to the fiber edge. Depending on the polarization and propagation
direction of the light field, the transition dipole moment of each emitter and the
position of the particles on the fibre surface, the direction of the scattering can be
adjusted [58; 59]. Such properties can be used for integrated optical circulators [60] or
for a spin-controlled photon switch [61].

12



3. Theoretical Models

Let us consider N linear polarizable particles, for example atoms, molecules, nanospheres,
along a single mode fibre interacting with the evanescent field of this fibre as depicted
in figure [3.1} The modes of this fibre can be described by two counterpropagating light
fields. Additionally the particles are illuminated by a transverse pump field and they
can scatter light from this field into the fibre. Then this field propagates to the next
particle and this particle then can reflect or transmit part of this field and so on. So
the particles redistribute the fibre field, which leads to collective interactions between
the particles. The way every particle scatters the light depends on the position of the
particles along the fibre. So even if only one particle is replaced, it changes the forces
on every other particle [I6]. Note that here we assume that the particles are distributed
far enough so that dipole-dipole interactions between the particles can be neglected.

While in a cavity the frequency of the light field has to fulfil special resonant conditions
in order to produce a mode, a nanofibre can guide a broad frequency spectrum. So,

here, the incoming light field consists of several fields with different frequencies w = kc

Xj+1

8t ot

I,0; 1,0, Loy 1w, L0, 1,0,

Figure 3.1.: Particles trapped in the evanescent field along a nanofibre and transversely
illuminated by a pump field.
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3. Theoretical Models

and intensities I,

o ZIk ikx—iw
E(z,t) =Y | —er (3.1)
k C€o

We assume that the frequencies are only space but not time coherent and thus do not
interfere. In this case the induced dipole by the field, oscillates with a superposition of

the single frequencies.

3.1. Beam splitter method

The propagation of the light field through the fibre can be described by the beam
splitter method [62H64]. Tmagine every particle scatters light into the fibre and can
reflect or transmit the field scattered by the other particles. These scattering processes
can be described by a beam splitter approach. Note that here we introduce this concept
for a single frequency as the generalization to multi frequency fields is trivial. One
can approximate the fibre field by a Gaussian beam, with diameter much larger than
the wavelength. So the field is a simple planewave E(x,t) = E(x)exp (—iwt), with
E(z) = Eyexp(ikx). The propagation of the light field through the fibre, can be

described by the inhomogeneous Helmholtz equation

— —

w2
E(z) = pow’P, (3.2)

AE(z) +

c2

with po the magnetic permeability and P the polarization [43]. The density of N
particles at positions z; is p = 2., §(z — x;). With this one can find the polarization
P(x) = aBE(z) Y, §(x—x;), with the linear polarizability a and, thus, eq. (3.2)) changes

to

ka Y
(2 + k) B(x) = —— > 0(x — ). (3.3)
€ ;=1
Defining a coupling constant proportional to the polarizability of the particles
o
=k— 3.4
(= ke (34)
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3.1. Beam splitter method

the Helmholtz equation changes to

N
(02 + k?) E(z) = —2kE(2)¢ Y. d(x — ;). (3.5)
The electric field between two particles can be described by the superposition of two

counterpropagating light fields
E(l’ifl <z < IZ> = Aieiik(xixi) -+ Blelk(mixl) = Cifleiik(xixi) + Difleik(xixi), (36)

with the amplitudes of the left propagating field A; and C;_; and of the right propagating
field B; and D;_; as defined in fig. [3.2] If we assume that the particles are much smaller
than the wavelength of the light field, the electric field has to be continuous at both

sides of a particle

E(x; —0) = E(x; +0), (3.7a)
A+ B, =C;+ D, (3.7b)

A second boundary condition can be found when integrating the Helmholtz equation ({3.5))

from xz; — e to x; + € for e — 0

N

/:ﬂre ((93 N k;Q) () — /:-+e COkE(x) Z d(x — x;)dx,

i€ i€ i=1

Tit+e Tite€ Tite N
/ O2E(z)dx +/ K E(x)dr = —2k¢ E(z)) 6z — x;)dx,

i —¢€ i —€ T;—€

8xE(xi+€)_6wE($i_€) E(x;)
Ti+e€e

O E(x; +€) — 0, E(x; —e) + K E(x)dr = —2k(E(z;),
' Ti+e
lim (0.E(x; +€) — 0, E(x; —€)) + lim K E(x)dr = —2k(E(z;),

e—=0 Jz,—¢

—0

= 9,E(x; +0) — 0, E(z; — 0) = —2kCE(z:), (3.8)

when using the condition from eq. (3.7a)) in the last line. Inserting eq. (3.6) into the
boundary condition (3.8) and using eq. (3.7b]), we find the following condition for the
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3. Theoretical Models

A Ci-l i CI
&

i-1 i
Bi-l i-1 Bi Di
—> —>

— —>
NN

Figure 3.2.: Name convention for the amplitudes of the electric field at the position of
the beam splitters z;.

amplitudes of the propagating fields

iC 1
A= T B TG 39)

and

—ikC; +ikD; + ik A; — ikB; = —2k( (C; + D;) ,
iD; —iB; = ¢ (C; + D;),
1 i¢
B;
1—1iC Tz i¢

=D, = Ci. (3.10)

If we define a reflection and transmission coefficient

r=i¢/(1— i), (3.11a)
t=1/(1—i0), (3.11b)
with —ir/t = (, we can write
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3.1. Beam splitter method

So the outgoing fields A; and D; consist of a reflected and a transmitted part of the
incoming fields B; and C;.

The transverse pump field with amplitude 7 in the system introduced above can easily
be included by simply adding it on the equations

Ay = 1B, +tC; + \% (3.13a)
D; =tB; +rC; + —. (3.13b)

V2

Note that here the transverse pump field is symmetrically scattered into both directions
with I, . = o Iy = 1/2 I and L = B2 Iy = 1/2 Iy, with o + 32 = 1 and the
intensity of the transverse pump field Iy = |n|?cey/2, but by changing o and 3 also
chiral scattering could be easily included [16].

We reorder these equations and describe the fields to the left side of a particle by the
fields to the right side of a particle

Ai:1<<t2—r2>C’i+rDi+(t—r)772>:(1+Z'C)C'i+z'CD,-+(1—iC)\7/7§,
(3.14a)

I S W B R OV D - (ic — 1) L

Bi_t( rC; + D, \/§>— iCCi+ (1 —i¢) D; + (i — 1) 5 (3.14Db)

and define a beam splitter matrix M g describing the scattering processes by a particle

A; C;
B: | =Mgps | D; (3.15)
n n
with '
. t2—r? 7 '5_7; I+i¢ ¢ 1\;;
Mps=—| —r 1 —Jgl=|~i( 1-i¢ “Z]. (3.16)
0 0 ¢ 0 0 1

When having more than one particle, also the propagation of the light field between

two particles have to be considered. This can be taken into account by the propagation
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3. Theoretical Models

matrix P
etkdi 0 0
P(d)=] 0 e 0], (3.17)
0 0 1

with d; = x;11 — x;. The scattering processes by a system with N particles illuminated
by a transverse pump field and interacting via the fibre field can be easily described
by these propagation and beam splitter matrices. One only has to multiply the single

beam splitter and propagation matrices

Ay Cn
By | =Mgs-P(dy) -Mps - P(ds) - -Mps - P(dy_1) -Mps | Dy | . (3.18)
Ui Ui

So the fields to the left of the system could be calculated out of the fields to the right
of the system. Note that in this work we mostly set B; = Cy = 0 as we only assume a

transverse pump field as an incoming field.

3.2. Maxwell’s stress tensor

In the previous section we explained how the fields to the left and to the right of the
particles could be calculated. In this section we describe how one can calculate the
forces acting on a particle when knowing the amplitudes of the fields on both sides of
the particles. This can be done by calculating Maxwell’s stress tensor.

We follow the derivation in [65] and start with Maxwell’s equation for neutral particles

and no electric current

l

V-D=0, (3.19a)
V-B=0, (3.19b)
. 0B
E=-= 1
V X 5 (3.19¢)
- 9D
VxH= e (3.19d)

with the electric displacement D = EOE + P and the magnetic field B = Moﬁ . From

Poynting’s theorem follows that the total force onto an object in an electromagnetic
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3.2. Maxwell’s stress tensor

field is the sum of the mechanical and the field force

F = Foe + Froa = = / C(ExH)-av. (3.20)
14

c2

Operating on eq. (3.19¢) by xeoE and on eq. (3.19d) by xuoH and adding the two

equations we get

eo(VxE)xE+Mo(Vxﬁ) x H = 612(—(2[jxﬁ+(98§><#oﬁ),
:v(ﬁeaﬁ-'%'%) (H@H =2 ) 4 (Bxfl)
dt
V(@B @ Bt ol ©  — 3 (alBP + pol HP)T) = &5 (B x H), (321

with pgeg = 1/c%. We derived at the definition of Maxwell’s stress tensor
— — — — 1 — —
T=«E@L+pded - (eol EI* + ol H[?) I, (3.22)

which describes the interaction between electromagnetic forces and mechanical mo-

mentum. Integrating eq. (3.21)) over an arbitrary volume gives

/v T.-dV = /dt02 x H) - dv. (3.23)

To solve this equation we can use Gauss’s integration law

/V-T-dV: T .7 dA, (3.24)
14 oV

with OV the surface of V| 77 the unit vector perpendicular to the surface and dA an
infinitesimally small surface element. So the force acting on an arbitrary body within

the surface 0V follows then immediately

F=|[ T-ii-dA. (3.25)
ov
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3. Theoretical Models

3.3. Optical forces on particles along a nanofibre

Now, let us investigate how we can calculate the optical forces acting on the particles
along the nanofibre. For the present model we are only interested into the forces acting
along the fibre axis x
F=| T-ii, dA, (3.26)
v
with

T:%O(Eg—Ej—EjJr& (B2 - B2 - B?)). (3.27)

As the electric and magnetic fields are always orthogonal to the propagation direction
B, = E, = 0 and as clectromagnetic fields are transversal ¢|B| = | E| Maxwell’s stress

tensor changes to

The = —eo 2. (3.28)

To calculate the forces acting on the i-th particle, we enclose this particle in a fictitious
box and integrate over the boundaries of this box. As we assume that this particle is
small compared to the wavelength of the light field we only have to take into account

the planes orthogonal to the z-axes and found for the force on the i-th particle [64]
Fo= 3 (142 + 1B = G = D). (3.20)

This force describes the missing photons, which transmits momentum onto the particles.
The part oc — (|Cy|* — | A;|?) describes the missing photons coming from the right side,
which leads to a force towards the left direction and the part oc | B;|? — |D;|? describes
the missing photons coming from the left side, which leads to a force towards the right
direction. Inserting the amplitudes from eq. into the force equation one can find

for the force on a particle [16]

o e (20 1) (CP + 3(0) _ AVITR(C)sin (2ka)
G 1 —ic]? 11— a2
/21, (ﬁ - ﬁ) cos (k;xi)) . (3.30)
with I, = |Bi‘;“°, I, = |Ci|22“°, Iy = W% and o the scattering cross section between

the particles and the beam. The first term is proportional to the imaginary part of ¢

and arises due to the radiation pressure and points towards the weaker source. The
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3.4. Scattering into the fibre

second term arises due to the dipole force and the last term due to the interference

between the transverse and the longitudinal fields.

3.4. Scattering into the fibre

In this section the scattered intensity of the transverse pump field into the fibre by
the particles is calculated. We describe the particles along the fibre as two level atoms
far detuned from any resonances. To make sure that the particles scatter the light
symmetrically into both direction one has to choose an appropriate laser polarization
and transition dipole moment of each emitter. Note, for simplification, here the fibre
axis is the z-axis, so that the system can be described by cylindrical coordinates. We

assume a single mode fibre with the HE;;-mode linearly polarized in the z-direction
¢ D(w,r, ) = V2Aer (w,r,0) + 02es(w, T, 9)), (3.31)

with e, (w,r, @) and e, (w,r, ¢) the cylindrical components of the guided modes [35}, 47]
and 0 = —1 for a left and 6 = +1 for a right propagating field. Fermi’s golden rule can
be used to describe the emission into the fibre by the particles [35; [47]

_ Wl
Vguid = 260h

> lde Ow,r, 6)%, (3.32)
5

with 8" = df/dw and [ the modal propagation constant. If the dipole components
d, and d, of the atoms have the same phase, and thus are linearly polarized in the
xz-plane, the emission into the fibre does not depend on the propagation direction. We
assume that the electric dipole is linearly polarized into the z direction

208" e
Yeuid = 60771|dz| le.|%, (3.33)

so that the particles symmetrically scatter the light into both directions.
The scattering rate into the fibre can then be calculated out of the emission rate and

the excited state fraction pe. [42]

Rsc = ’Yguidpee(t — OO) (334)
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For a two level atom and a weak driving field one finds

]/Isat ~ 1 ]/Isat

|
1 ~ 1 1, 3.35
Pee = QT T AN T2 + 1)1~ 214402 T2 S (3:35)

with I the intensity shining on the particles, I, the saturation density of the atoms, A
the detuning and I' the spontaneous emission rate into free space.
The intensity scattered into the fibre is the power P per area A. The power is simply

the scattering rate times the photon energy

_ B - hszc ~ w2ﬁ/ I/Isat
T A AT A 1+4A2T?

I, |, |*|e.|*. (3.36)
For Cesium particles along a nanofibre with radius » = 200 nm, the fiber cross section
area A = r’m, the Cesium D2-line w ~ 2.2 - 10" Hz with T' = 33 - 10° 1/s and the mass
of Cesium m =~ 220 - 10727 kg, and a detuning A = 100 I we find for the intensity
scattered into the fiber I ~ 6.2 -107* Iy/I,q; W/m?.

3.5. Weak scattering limit

In our calculations we often assume the weak scattering limit. In the weak scattering limit
the backscattering by each particle in the fibre is neglected, so that only the scattering
of the transverse pump field into the fibre leads to a force onto the particles. In this
case the forces on the particles arises due to interference between these fields scattered
into the fibre by the particles. Thus for the weak scattering limit we set ( = r = 0.
So let us investigate how accurate the actual interactions can be approximated in this
limit.

The scattering efficiency for backscattering of a guided mode by a particle can be written
as [47]

hwR. W hew w Fee hw ui 1
|2 _ bw _ [WhbwPee _ M guid (3.37)

Tlow = I P.  I-A  4Al, 1+4AT?

with the emission into the backscattered field Yy = Yguia/2 and incoming intensity I,
leading to a power P,. Consequently, the part transmitted by a particle is the remaining

part which is not reflected and not scattered into radiation modes 7aq

‘t|2 =1- ﬁbw - ﬁrad' (338)
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3.5. Weak scattering limit

We assume that the emission into the radiation modes 7,4 is approximately the free

space emission I', which is a good approximation according to [47] and find

hwrradpee ~ thPee . hwI’ 1

~ra = ~ = 3.39
Thad = 774 I-A ~ 2AI, 1+ 4A2)T? (3:39)
and, thus
Fuw(Yguia/2 + 1)
2=1- g . 4
g DAL (L + 4A7/T2) (3.40)

Recalling the definition of the reflection and transmission coefficients from eq. (3.11])
one can find [r]? + [t|? = 1 — 2[¢|*T (¢) and it follows

77rad = 2|t|2% (C) : (341)
So the imaginary part of ¢ reads
()= Jed _ 1 ) 3.42
S0 21t12 22AIL: (1 +4A2/T?) — hw (Yguia/2 + 1) (342)
With
r=|rle’r, (3.43a)
t = |t|e", (3.43Db)
it follows . ]
— _w — UM i(gr—n) 3.44
i e (3.44)

The phases can be found when knowing the imaginary part of (. For Cesium atoms
with radius » = 200 nm, the fiber cross section area A = 7?7, the Cesium D2-line
w =~ 2.2- 10 Hz with T' = 33 - 10° 1/s and the mass of Cesium m =~ 220 - 10727 kg,
It = 1.65 mW /cm? and a detuning A = 100 T’ we find

(=3-107°+7.2i-107". (3.45)

Fig. 3.3 compares the forces acting on the particles using this small value of ¢ and
setting ¢ = 0. For small particle numbers the forces are almost equal, but for large

particle numbers they are totally different. Even a small backscattering leads to large
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Figure 3.3.: Comparison between the forces on the particles for { = 0 (blue) and for
¢ =3-10"3+7.2i-107° (orange), when separated at a distance d; = \. Figure (a) and
(b) compare the forces acting on the particles depending on the number of particles in the
chain. Fig. (a) shows the force on the first particle and Fig. (b) on a particle near the
center of the chain (i = N/2 for even particle numbers and i = (N — 1)/2 for odd particle
numbers). Fig. (c) and (d) compare the forces on all particles for a chain with 50 and
500 particles.
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3.5. Weak scattering limit

effects for large particle numbers as every particle reflects a small part of the field.
Interestingly the effect is larger for particles at the beginning or the end of the chain
than for particles in the centre. In the latter case the backscattering effects from both
sides of the particle cancel each other, while the particles at the outer side “see” the
reflection of all particles along the chain. In summary the weak scattering limit is a
good approximation for small system sizes up to ~ 50 — 70 particles, but for larger
particle numbers we have to consider backscattering effects.

The weak scattering limit has the advantage that for this case the forces acting on the

particles can be written as the sum of two particle forces

N N
oscli cos (k (x; — x;))
-Fi = prair(-rh J]j) = ZZ - J . (346)
i=1 i=1 k
In that case we can even define a potential U(xy,...,zy) such that

Note that when choosing ¢ # 0 the forces are not conservative and no potential could

be defined for more than two particles.
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Part |I.

Self-ordering and stability of laser

illuminated point particles near the
fibre
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4. Introduction

Particles trapped along a nanofibre collectively scatter and reorder the fibre field in a way,
so that they build their own trap [16]. Here, the fibre field is generated by interference
between the scattered and the pump field. The particles order in a way so that they
trap high field intensities between them, which reminds of a self assembled cavity QED
system. In this chapter we study the stability of these self-ordered configurations. In
such configurations all forces on the particles vanish and the particles experience a
restoring force when shifted from their equilibrium position. The particles then start to
oscillate around their trapping position with frequencies depending on the intensity and
frequency of the pump field, the coupling constant (, the mass of the particles and the
number of particles in the chain. For large system sizes scattering and absorption of

the light field can be very strong and destabilize the structure.
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Collective scattering and oscillation modes of
optically bound point particles trapped in a single

mode waveguide field

Daniela Holzmannl] and Helmut Ritsch

Collective coherent scattering of laser light induces strong light forces between po-
larizable point particles. These dipole forces are strongly enhanced in magnitude and
distance within the field of an optical waveguide so that at low temperature the particles
self-order in strongly bound regular patterns. The stationary configurations typically
exhibit super-radiant scattering with strong particle and light confinement. Here we
study collective excitations of such self-consistent crystalline particle-light structures as
function of particle number and pump strength. Multiple scattering and absorption
modify the collective particle-field eigenfrequencies and create eigenmodes of surpris-
ingly complex nature. For larger arrays this often leads to dynamical instabilities and

disintegration of the structures even if additional damping is present.

Optics Express 23, 31793-31806 (2015) doi:10.1364/0E.23.031793

'D.H. performed all of the calculations in this publication, while H.R. contributed in an advisory role.
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5.1. Introduction

Laser light scattering off free particles is accompanied by momentum transfer and
thus forces. If the incident light fields are far detuned from any optical resonance,
energy absorption and spontaneous re-emission play only a minor role and a coherent
redistribution of photon momenta determines the force. As such coherent scattering
from different particles largely preserves the laser phase, these fields interfere and thus
the resulting force on each particle depends on its distance to nearby particles and
acquires a collective nature, which depends on all other particle positions [66; 67]. While
in a 3D geometry the interaction strongly decays with distance and is averaged out by
phase randomization from particle positions and motion, in regular particle arrays or in a
spatially confined geometry, this interaction can become very strong [68} 69]. Particularly
strong effects appear if the light fields are optically confined in resonators [70], guided
by optical structures as mirrors [71] or confined in waveguides [I5; 16} 72} [73]. Besides
cold dilute gases, closely related effects have been studied using various kinds of nano-
particles in solution [74H76].

Following first predictions by Chang and coworkers for near resonant weak pumping
of atomic dipoles [15} [73], we have recently shown that cold particles illuminated far
of resonance, who can freely move along or within an optical nano-fiber field, tend
to form regular but complex optical structures through optical long range coupling.
They collectively scatter light into the fiber mode and self-trap in the optical potential
generated by interference of the scattered light and the pump field [16]. Surprisingly we
see that not only the light confines the particle motion but the particles also confine the
light forming Bragg like atom mirrors at their outer edges. Numerical simulations predict
that in certain cases even more complex structures as cavity arrays are self-formed by
the particles [72]. This potentially generates a self-ordered cavity QED system with
strong particle photon coupling via so called atomic mirrors [77]. While such dipole
energy minimizing configurations were also studied for conventional 1D optical lattices,
they could be shown to be generally unstable [78§].

In this work we theoretically study the dynamics and stability of such self-organized
cavity QED systems. Already in our previous work we could identify configurations
where all forces on the particles vanish and one gets a restoring force towards these
equilibrium positions for small shifts for each particle. Nevertheless, displacing one

particle immediately changes the fields at all other particle positions and creates
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5.2. Scattering matrix approach to light induced motion in 1D

perturbation forces on them. Here we cannot expect any energy conservation for the
particle motion as we are dealing with an open system where the pump laser forms a non
depleting energy and momentum reservoir [79;80]. Hence perturbing one particle induces
nonconservative collective motion of all particles. Eventually these oscillations exhibit
exponential growth and lead to a disintegration of the whole structure. A central aim
of this work is to calculate and study the frequencies and stability of the corresponding
linearized eigenmodes of the coupled atom field systems and their application to induce
tailored long range interactions in this system. Of course the system is inherently
nonlinear so that the full dynamics can only be captured numerically.

Our work is organized as follows. First we quickly overview the results of our recent
paper [16]. Out of these, in order to investigate the stability of the particles, we linearize
the forces acting on the particles around their equilibrium positions. Calculating the
eigenvalues of the so obtained coupling matrix we find a condition which enables and
limits the formation of stable configurations. With this we first study configurations
in the negligible coupling limit and then pass over to more realistic complex coupling

parameters.

5.2. Scattering matrix approach to light induced

motion in 1D

Let us first briefly recall our previously developed multiple scattering approach to
calculate the stationary fields and forces on a linear array of particles with transverse
illumination as schematically depicted in Fig. [16] . For a given spatial arrangement
of point scatterers in the field of a 1D waveguide the light field can be calculated
by a scattering matrix approach [64; B0-82]. The contribution of each particle is
represented by a single 3 x 3 matrix parametrized by an effective coupling constant ¢
proportional to its linear polarizability & and the field mode amplitude at its position.
This determines the interaction between the particle and the fiber mode as well as
the scattering amplitude in and out of the fiber 7. The transmission and reflection
coefficients are related to the coupling constant via ¢t = 1/(1 —i¢) and r = i(/(1 —i().
For symmetric scattering the coupling between the amplitudes left and right of a particle

can then be expressed using the following beam splitter matrix Mpg [16]
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Figure 5.1.: A 1D array of point particles scattering light in and out of an optical
nano-structure can be modelled as a collection of beam splitters interacting with a plane
wave.

4, 1 22 r -\ (¢ L+i¢ ¢ 51—\ (C
Bil=1| - 1 % Dj|=| —i¢ 1-i¢C H@¢—1)||D;],
n 0 0 ¢ U 0 0 1 7

(5.1)
where B;, C;,n are the incoming fields allowing to determine the outgoing fields A;, D,
cf. Fig. These in turn are used as inputs to neighbouring scatterers as C;_; =
A exp(ik(z; —xj-1)) and D;_y = Bjexp(—ik(z; — x;_1)). Multiplying all the matrices
including the propagation phase shifts then allows to determine the field distribution
corresponding to the momentary particle positions. Note that we neglect the propagation
time of the light within the structure compared to particle motion.
Using simple arguments based on the Maxwell stress tensor the momentary field then

determines the optical force on the j-th particle along the z-axis [64} 83]:
€o
Fy =5 (14F + 1B~ 16 = ID;f*) (5.2)

We will use this optical force then as ingredient to obtain Newton’s equations for the
particle motion, where we add damping describing additional light or background gas

induced friction. In previous work we and others have seen that under quite general
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5.3. Collective excitations around equilibrium positions

conditions stationary equilibrium positions can be found, where all particles are force
free and feel a restoring force against small shifts. However, in contrast to a standard
1D optical lattice, the absence of a force does not enforce an unaltered propagation
of the light [64] but just guarantees a balance between internal and external light
scattering [16]. Following Ref. [64] and including a linear friction term proportional to

1 the equations of motion for the point particles of mass m then read:
mij:—uij+Fj(x1,...,xN). (53)

Stationary structures require Fj(zy,...,xy) = 0 for all j. Here these are not simple
equidistant lattices, but rather complex particle arrangements with regular central parts
including the formation of Bragg like reflectors at both ends of the equilibrium particle

distribution denoted as :L'go) [16].

5.3. Collective excitations around equilibrium positions

When a particle is weakly displaced from its equilibrium z;(t) = :1:5-0) +&;(t), it feels a
restoring force and at the same time induces a global light field modification generating

forces on all other particles. Once set free the perturbed particles start a correlated

(0)
j
the spatial properties and eigenfrequencies of such small amplitude particle oscillations

oscillatory motion around their equilibrium positions x;’. In the following we study

analogous to phonons of a lattice. Note that the existence of a stationary stable
equilibrium configuration does not guarantee stability with respect to even very small
such collective oscillations, which in general can grow in amplitude and disintegrate the
particle array.

A Taylor expansion of the forces gives the following set of coupled differential equations

N
mfj = —ij + Z Djl&, (54)
=1
with nonlocal coupling matrix

0 1
D= —F;(x :.9350),...,:1:1\; :.21358)) :%ir%gﬂ(xv =20 46,6, v=1,...,N).
%
(5.5)
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Note that these coupling constants would be an ideal basis for a coupled oscillator
model in the ultracold gas limit. For the classical point particle model here we simply
use the ansatz E = Ae™t in equations (5.4)) and solve for the eigensystem of D, where

the oscillation frequencies can be calculated from the eigenvalues ), via

_ it/ —p? —4AmM,

y o (5.6)
yielding the linearized solutions:
i—z—my —i—LQ—mV t
& = (Age™ T BT ) o (5.7)

The eigenfrequencies include a real part describing damping or antidamping depending
on its sign. If positive, it leads to an amplification of the oscillation amplitude and
the particles can not form a stable stationary configuration. Hence, to ensure stable

configurations the eigenvalues have to fulfil the condition [64]:
m(S(\))* < =" R(). (58)

Note that added damping can restore the stability only as long as all real parts of the
eigenvalues are negative. Without external friction, u = 0, Eq. (5.7) simplifies to

W)

& = AeV T + BjemiVom (5.9)

and as long as we have no imaginary parts of the eigenvalues A\, and the real parts are

negative the particles are simply oscillating around their equilibrium position.

5.3.1. Negligible mode coupling limit ( =0

In the special case when particle mode coupling is very weak but we have a strong
transverse pump field applied, one can set ( = 0 while still keeping a nonzero scattering
into the fiber, thus 1 # 0. Here the scattering of the field by the particles within the
fiber is neglected and any two particles interact equivalently. As predicted before [15]

and also found by us in Ref. [16], in this limit the particles in a stationary state are
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5.3. Collective excitations around equilibrium positions

equidistantly distributed and the transfer matrix can easily be calculated explicitly:
Mry = (Mps - P(d)N ! - Mpg = MV ~! . Mps. (5.10)

Here the collectively scattered field intensities are symmetric to right and left and read

I . (Nkd 2
o= (B2 o

2 \ sin(%)

and for the force on the j-th of N particles we get:

7 P, cos (Nkd/2)sin ((25 — N — 1)kd/2)
7T sin (kd/2) ’

(5.12)

with P, = I, /c the radiation pressure resulting from the transverse pump field.

This force vanishes for different lattice constants d = (2n — 1)A/(2N) with n € N giving
potential stationary solutions. We will now calculate the linearized coupling matrices D
for a small displacement of the [-th particle within such a solution. For the amplitude
perturbation at the j-th cloud from displacing the [-th cloud by & = ek we have to
distinguish between the two cases if it is at the right or left side of the displaced [-th

A; 0 0
B | =MY7'P(—d) | | Dy | +€|b]| ], (5.13)
n n 0

with the perturbation b. For 7 < I the amplitudes can be calculated as follows

A, 0 0
B :Ml‘jP(g)MBSP(—%)P(d)MN‘lP(—d) Dyl+elb||. (519
1 U 0

Let us first look at the stability of the solution with the maximal possible lattice distance
n=N,ie d= (2N —1)\/(2N), where the force on the j-th particle induced by the
perturbation of the [-th particle reads:

F.

J

o (5.15)

(il :
IN — 1 P, esin , forj #1
(d: )\): pesin (45)
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and so Dj; = EFJ- is:
€

(7= T
Dj, = Pk (sm < N — §j; cot <2N> (5.16)

D is a symmetric matrix with all eigenvalues A\, real and as it is a circulant matrix,

they and the eigenvectors 2, can easily be calculated to give:

B cot ( ) sin (%) L 2mibonG-y N
A= _Qpnkcos (N) — Cos (%(Xf_l)) T (6 . >j:1 ' (5:17)

As we have seen in Eq. (5.9)), stably oscillating configurations require real and negative
eigenvalues. Hence this configuration is stable and we find N phonon modes with

frequencies

w, = | ik (Cot (W) — (;)sin (%) )) B cot (5 ])V) sin? (22-0)

m 2N — COoS (w COS (% (27r(]yv—1)) )
(5.18)
2P,k - R )
where we have defined wy ¢ = /== as binding oscillation frequency for two particles at

¢ = 0. As expected from translation invariance of the system, the lowest v = 1-mode
corresponding to the center of mass motion has a zero eigenfrequency. Interestingly our
result exactly coincides with the prediction based on nonlocal fiber enhanced resonant
dipole-dipole interaction obtained before in Ref. [15]. In the limit of large particle

numbers we find:

w, ~2(v — 1)w2,0\/7<3 n 4]5(1/ —9)) (5.19)

Consequently the particle binding frequency grows with v/ N for large particle numbers

stiffening the structure with particle number. Fig. shows the phonon frequency as
a function of mode number for different particle numbers. It demonstrates that the
second and the N-th mode posses higher frequencies than all the other modes which are
almost degenerate. It is now interesting to see how the atoms interact with respect to
their distance. For this we insert Eq. into Eq. and calculate the perturbation
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5.3. Collective excitations around equilibrium positions

Phonon frequency w, [w2

5 10 15 20 25 30 35 40 45 50

Phonon mode v

Figure 5.2.: Phonon frequency as a function of the phonon mode v for { = 0 beginning
with v = 2. The blue line corresponds to N = 3, the red line to N = 5, the green line to
N =10, the violet line to N = 20, the orange line to N = 40 and the grey line to N = 50.

induced forces explicitly:

_ (7= llﬂ) )

F; =Pk | sin a—¢) 1, 5.20

(?#: ( v )¢ ) (5.20)
=l

exhibiting a coupling between the oscillators proportional to sin (T) depending on

the distance |j — [| and particle number N. Maximum coupling occurs between center

and boundary particles at N = 2|j — [| and it vanishes for |j — | < N.

Let us now insert other zero force solutions at smaller distances d, = 2;2;1)\ into

Eq. (5.5)). Here we can explicitly calculate the eigenvalues in the limit of large particle

numbers
2(2n — 1)2

A = Pk .
T4y —1)2— (2n — 1)2

(5.21)

As according to Eq. fully stable configurations are only possible if all eigenvalues
are negative, we see that the first case, n = N, was the only stable configuration with a
distance below A\. An example how the particles evolve over time is plotted in Fig. [5.3
where we compare stable configurations setting n = N (Fig. (a)) with unstable ones
setting n = N — 1 (Fig. (b)). Note that starting from a stable configuration we obtain

correlated oscillations of particles and fields around the stable position with a slow
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Figure 5.3.: Ten particles evolving over time with only transverse pump and ¢ = 0. In

Fig. (a) we have chosen d = 2=\ (n = N) as initial condition slightly perturbed by

Einitiaw = 0.1, while in Fig. (b) the particles are initially positioned at an unstable zero

force distance d = YA\ (n = N —1). 70 is defined as 729 = %ro

nonlocal excitation transfer between the sites. At negligible coupling, { = 0, one finds
neither damping nor amplification of the oscillation modes but we still see a higher light
intensity confined at the center of the structure. Starting from an unstable zero-force
configuration the particles keep their position only for a short time until two particles
collapse and the other particles reorder. Nevertheless, also this new configuration is not

stable and the whole order disintegrates.

5.3.2. Collective dynamics for finite particle field interaction

parameter (

Particles within the fiber mode will not only couple pump light in and out of the fiber,
but also scatter it to the opposite propagation direction, into free space or absorb
it. This is effectively described by a non-zero complex value of ( [64]. As a first
consequence this immediately leads to spatially inhomogeneous fields in the mode and
thus non-equidistant stationary configurations, which, in general, do not allow for
analytic treatment. Although the equation for the force still looks very simple,

its explicit form gets already complicated for more than three particles and even the

40



5.3. Collective excitations around equilibrium positions

zero-force points can not be found analytically. Hence to still get some analytical

insights we first study systems of only two and three particles.

Two particles

For two particles with no fields injected along the fiber, the light scattered by one
particle only interferes with the light scattered by the second particle. Translation and
spatial inversion invariance of the system here implies a vanishing sum of the forces on
the two particles as long as we neglect asymmetric chiral coupling [84]. The force as
function of the real part (. and imaginary part ¢; then depends only on particle distance

d [16]:
P,|1 — i¢|* cos(kd)

F= =5 = T 7 ¢) co(5) + 26, sin(kd) 1 1

(5.22)

and the zero force distances dy = % (% + n) ,n € N are independent on (. Interestingly
even for strongly absorbing particles as e.g. gold nano-particles (; >> (., we thus
obtain the same force free binding distances [69]. Intuitively this can be understood
from the 7/2 relative phase shift of the two scattered fields at this distance preventing
interference. To study the stability and strength of binding we calculate the coupling

matrix D:

i Pyk|l — i (sin(kd) (2/¢]* + 2¢ + 1) + 2¢,)
(2 (cos(kd) 4+ 1) (|¢|? + G) + 2sin(kd)¢, +1)%

Dy = (~1) (5.23)

and its eigenvalues. Inserting the zero force distances d = (i +n) A the nonzero

eigenvalue reads
2kP,|1 — i¢|?

T2 G -G

and for d = (i + n) A we get the same eigenvalue with opposite sign. As the non-zero

) (5.24)

eigenvalue for the latter case is real and negative, these are stable configurations. The

phonon frequency characterizing the optical binding strength then reads:

~ 1 —iC]?
TN T (PG =G

(5.25)
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Figure 5.4.: Fig. (a) shows the phonon frequency w, as a function of the real part of
the coupling constant (.. The blue line corresponds to (; = 0, the red line to ¢; = % and

the green line to (; = %
Fig. (b) shows the phonon frequency w,, as a function of the imaginary part of the coupling
constant (;. The blue line corresponds to ¢, = 0, the red line to (, = % and the green line

to ¢ = %
We can see that the function goes to w%/io for large values of (. For the real part of { we

can find a maximum for ¢, > 0.

which for large values of { stays finite and converges to % below the noninteracting value.

Nevertheless for real ¢ wy reaches a maximum of wy\/3 + /5 at ¢ ~ 0.618 (Fig, (a)),
while we find a minimum coupling frequency for blue detuning at ( ~ —1.618 of
Wy = wy0\/3 — V5 (Fig. (b)) The dynamics in these two extreme cases is shown in
figure |5.5] Note that in both cases we can observe that the particles and fields oscillate
and are periodically pushed apart whenever the intensity of the light trapped between
them is maximal. Note that even in the blue detuned case for low field seeking particles

we find stable trapping but much slower oscillations, i.e. weaker confinement.

Three particle dynamics

Let us now add a third particle. Due to symmetry we will restrict ourselves to equidistant
configurations and calculate the total transfer matrix. Again the amplitudes of the

electric field to the left and right of the particles yield the forces acting on the particles,
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Figure 5.5.: Two particles evolving over time with only transverse pump oscillating after
a small perturbation with maximal frequency at ¢ = 0.618 (a), and minimal frequency at
¢ =—-1.618 (b).

where as a consequence of symmetry the force on the middle particle is zero and the

remaining two sum up to zero, i.e.:

Fy ~ P, (cos(kd) + cos(2kd) — ((2sin(2kd) + sin(3kd) + sin(4kd))) + O[¢]*, (5.26a)
=0, (5.26b)
Fy=—F. (5.26¢)

Here the general expressions are complex so that we only present some special cases
to exhibit the stability of the particles. For real { = % only one stable equidistant
configuration exists with d; = ds ~ (0.8276 + n)A. Adding an imaginary part, ( = 17”,
the stationary distances are enlarged to d; = dy ~ (0.8305+n)A. As shown in Fig. the
trajectories of the particles here show surprising features. Although the stationary state is
symmetric with respect to the middle particle, a small perturbation from this equilibrium
induces an intricate superposition of two oscillations, namely fast relative oscillations
superimposed on a much slower and large amplitude a center of mass oscillation. As the
system possesses translational invariance implying momentum conservation, it could
be expected in principle to not allow any center of mass oscillations. This is at first
sight also confirmed by the oscillation eigenvalues {0, —3.83P,k, —3.51F,k} calculated
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Figure 5.6.: Three particles evolving over time with only transverse pump, { = % (a),
¢ = % (b) and a small perturbation &;tiq1 = 0.1

for real ¢ = 1/9 with eigenvectors

1 0.287 —1

z21=—7=11 , R = —0.914 , 23 = E 0 . (527)
1 0.287

The eigenvalue \; corresponding to the center of mass oscillation z; is indeed zero.
However, we can see that the eigenvector z,, corresponding to the case where two
outer particles oscillate together against the middle particle includes a center of mass
oscillation, as the middle particle moves much more then the sum of the outer two. This
is also clearly visible in figure [5.6] At this point we have to recall that we have a strongly
coupled atom field system where the pump laser constitutes an external energy and
momentum reservoir, which can provide or accept momentum from the particles and
conservation is only true for the combined atom field system. The asymmetric oscillation
25 thus periodically channels momentum in and out of the light field inducing these
unexpected center of mass oscillations. The dynamics gets even more complicated if we

allow for light absorption and investigate the eigensystem for an imaginary coupling
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constant, ¢ = +F*. We find the eigenvalues {0, —2.98P,k, —2.89P,k} with eigenvectors

1 0.349 -1
1 1

—= 1], 22=1-0869 |, z3=—=
3 2
v3 1 0.349 V2

(5.28)

21 =

Again we observe a large amplitude center of mass oscillation due to the non inversion
symmetric initial perturbations which lead to even amplified center of mass motion.
Hence we see that while we have stationary equilibrium configuration, the system tends

to disintegrate due to dynamical instability when no external friction force is provided.

5.4. Numerical studies of the dynamics of larger

ensembles

While the momentary light field for a given configuration of many particles can still
be found by simple matrix multiplication, the explicit expression for the forces soon
becomes prohibitively complicated and their common zeros cannot be analytically
obtained any more. Numerically, however, this still can be done efficiently even for
hundreds of particles and the solutions of the corresponding dynamical equations of
motion are still possible. In order to capture typical features of the resulting many
particle dynamics but still obtain readable plots, here we study the case of ten particles
for various coupling strengths and damping. Fig. compares the time evolution
for real polarizability ¢ (Fig.[5.7|(a)) with the case of partial absorption, where ¢ also
possesses a small imaginary part (Fig. [5.7[(b)). In the first case a small perturbation
simply induces small correlated oscillations in the vicinity of local field maxima with
some slow energy exchange between the particles. In the second case with absorption,
the particles start to oscillate first, but these oscillations grow until one reaches the
nonlinear regime leading to a complete destruction of the order. As shown in a recent
paper [16] one can still find a stable configuration for this case in the over damped limit.
The mathematical origin for this instability is that due to the imaginary part of { the
eigenvalues also acquire imaginary parts. This instability still can be suppressed up to
a limiting value by introducing an additional friction coefficient as in Eq. .

We had demonstrated that in the weak-coupling-limit, ¢ = 0, one has stable oscillatory
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Figure 5.7.: Ten particles evolving over time with only transverse pump, ( = % (a),
¢ = 1 (b) and a small perturbation of (iniriar = 0.001A. Fig. (c) shows the oscillation of
the particles. Here we magnify the trajectories of Fig. (a) and plotted a range of 0.01\.
In the second case the particles, first, start to oscillate around their equilibrium positions,
but the perturbation leads to antidamping, which, in the end, destroys the configuration.
The eigenvalues of the first case are all negative and real, while the eigenvalues of the

second case acquire positive and negative imaginary parts.
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solutions without the need of damping. Introducing { # 0 this behaviour is often
lost and even for rather small perturbations the particle oscillations grow beyond the
linearized regime. This leads to the collapse of the particle structure and they are
expelled to the sides. It is now interesting to study the grade of instability in such a
system, which turn out to be very parameter and size sensitive. To quantitatively show
this we compute the eigenvalues of D and examine the real parts of them characterizing
the magnitude of the corresponding instabilities. The maximum real part of all the
nonzero eigenvalues of D is plotted in Fig. as a function of real and imaginary part
of ( for different system sizes N. If this value is negative, in principle one can always
add enough extra damping to stabilize the configuration, while a positive value implies
dynamical instability in any case. The figures show that for odd particle number we
get a boundary line to the left of which at least one eigenvalue is positive and Eq.
thus predicts an instability, which can not be removed by damping. For negative real
¢ and even particle numbers (Fig. (b) and (d)) we find stable configurations with
negative eigenvalues but they are very very close to zero. In this case the system is very
sensitive to small perturbations and needs strong extra damping for stabilization. Here
in numerical simulations we often find unstable dynamics despite using a nominally
stable parameter set, as validity of the linearized equations is very limited.

An analogous phenomenon occurs for large particle numbers (Fig. (d)) and large
values of (.. In this case it is difficult to distinguish between stable configurations with
eigenvalues close to zero and unstable configurations. We can observe that for large ¢
positive eigenvalues appear, especially for imaginary ¢, which prevent the formation
of stable configurations. In general only for small and mostly real ¢ (blue region in

Fig. [5.8] ) robust stable configurations can be expected.
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Figure 5.8.: Maximum real part of the nonzero eigenvalues as function of real and
imaginary part of . Fig. (a) corresponds to N = 5 particles, (b) to N = 10, (c) to N =15
and (d) to N = 20. Black lines show the zero value contour lines.
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5.5. Conclusions

Coherently illuminated particles in a 1D trap order in strongly bound regular arrays
induced by the interference of the scattered and pump light. If the scattered light is
guided by nano-optical waveguide structures one finds very strong binding and long
range order with phonon frequencies growing approximately with the square root of
the particle number. In general the scatterers arrange in configurations, where the
scattered light is resonantly confined within the structure to maximize the optical
trapping potential for the particles. This can be seen as a controllable prototype 1D
implementation of an atom light crystal. In this regime absorption and scattering of
the fields by the particles within the waveguide create a strongly nonlinear dynamical
response of the system, which limits the size of stable arrays even in the presence
of additional friction forces. This hints at the possibility to create self-ordered nano-
cavity QED systems where the particles simultaneously form the resonator via atom
mirrors [85] as well as the optical active system. As a next task towards a quantized
field treatment one of course would need to estimate the magnitude of the self-ordered
single photon coupling strength, which requires a sort of dynamic mode description.
Generalizations to several frequencies, polarizations or higher order transverse modes
should generate even more intriguing complex physics. In principle similar mechanisms
should also be at work in planar 2D setups [76] leading to even stronger transverse light
confinement and limiting the extension of optical matter.

Acknowledgements: We thank D. Chang for helpful discussions. This work has
been supported by the Austrian Science Fund (FWF) through SFB Foqus project F4013.
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6. Detailed calculations

In this section the single steps to find the oscillation frequency of the shifted particles
in the weak scattering limit from eq. (5.18)) are explained and the restoring forces (5.20))
calculated.

In the weak-scattering-limit the beam-splitter-matrix (3.16|) reads

10 L

V2
Mps=10 1 —% . (6.1)
00 1
We define the following matrix M
M = Mpgs - P(d), (6.2)
with e
ikdN eikdN _1
¢ 0 Ao
N _ _ikdN 6ikd<e—ide71)
M 0 e a(—irey (6.3)
0 0 1
For an equidistant lattice the amplitudes can be calculated by
Ay 0 0
0 | = (Mps-P(d)"P(=d) | Dy | = M"P(~d) | Dy |, (6.4)
n n n

with B; = Cy = 0. For the outgoing amplitudes at both side of the system then follows

(eide o 1)77

MmO ey

(6.5)
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6. Detailed calculations

Furthermore, the eigenvectors u, U, w and eigenvalues Ay, Ay, A3 of M are

1
A = ekl u=10], (6.6a)
0
0
Ay = e v=|1], (6.6b)
0
1
ﬁ(lfeikd)
5 eikd
1
Using
0 0 .
. ikd(14N)
_ _ eikd(eikaN 1y [ B n S ne .
P(=d) | Dy | =1 Vaerdory | T V2(1 — eikd)u V2(1 — ez’kd)v (6.7)
n 1
we find for the amplitudes to both sides of a particle j
A, 0
B; | = MY7H'P(—d) | Dy
n n
ikd(14-N)
S Y R (Pt SR R S LS
(77 \/§(1 _ ezkd) \/§(1 — ezkd)
ikd(N—j+1) ikdj
S Y7 S LS — (6.8)
V2(1 — eikd) V2(1 — eikd)
and consequently, the outgoing intensity to the left of the system yields
Ay : .
ikd ikdN
V[ S, S L —" (6.9)
\/5(1 _ ezkd) \/5(1 _ ezkd)
n
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When displacing the I-th cloud by £ eq. changes to

) neikd pekdN ¢ a
nw — —U — —u+ =10
\/5(1 — ikd) \/§(1 eikd) k 0
. 0
ikd(14+N) £
— M P(EMpgP(—P(@MY | it — —=—— i — & 74k p ]
(6.10)
with the perturbations:
a= =au (6.11)
and similar for b
0
b=|bv| =00 (6.12)
0
0 01
We define e = £ and A= [0 0 1. Using P(£)MpsP(—£) = Mps + i5A+ O(e?),
000
we get
P neikd . nekdN
eat + nuw — U — U=
U \/5(1 _ ez‘kd) \/5(1 _ eikd)
. ikd(14+N)
M (Mps + —=A)P@MY ™ (it — = —ij — & 7+ ee™ it )
(Mg + TEAVPUOMN (o — e i — i i
(6.13)
Out of this relation, we find
o ikd(1—1)
a = me\/g, (614&)
inetkd(N =D
h=— 7 (6.14b)
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6. Detailed calculations

Now we can calculate the amplitudes to the left of the j-th cloud in the perturbed
lattice. We have to distinguish between three cases. In the first case the j-th cloud is
at the right side of the displaced I-th cloud, thus j > [

A; 0 0
B | =MY7H'P(—d) | | Dy | +€|b
n n 0

ikdj

) e neikd(N=j+1) ikd(G—1) 7 (6.15)

== V2(1 — eikd)ﬁ_ \/5(1 _ ezkd) \/_776 v

and similar for the case where the j-th cloud is at the left side of the displaced cloud [

Jjg<l
A; 0 0
B; | =M~ JP(k)MBSP(—%)P(d)MN"P(—d) Dy|+elb
n n 0
ikdj ikd(N—j+1) :
N ne - ne e ikd(i-j) | =
“o (Y ) e 610

To calculate the difference of the intensities, we use Cj = A; — 7 and D; = B; + 75

and get
Ui
A2 + B, = (IC51 + D, ) = |A; P + B> - <|Aj - E‘z +[B; + \/—|2> - (6.17)

For 7 > [, then, this results in

2 .
n kd(2(5 —1)+1
A2+ 1By|* = (IG5 + |Dy[*) = 7.| |kd <€COS< & 9 )+ 1)
28111(—)

—e€cos <kd(2(l —J)+ 1)> + sin <kd(1_2‘7)> + sin (kd(l +2n = ‘7))>> (6.18)

2 2 2

and, thus, we find for the force on the j-th particle due to the perturbation on the I-th

2N — 1 Lie . ((j—Dm
Fis (d = 5N )\) = %sm <N> . (6.19)

particle
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For j < I, it yields

12 12 12 12 — In|? e COs kd(2(j — 1) +1)
AP+ IBE = GF +1D,P) = Mo (-econ (HEUZEE)
+€cos (kd@(l _2‘7) i 1)> + sin (W) + sin (kd(l i 22(n _j))>> (6.20)

and, consequently, in this case we find for the force

2N —1 2N —1 Le . ((j—Dm
Fia (4= 2500) = =B (4= 20 A):-ZSIIl(N). (6.21)

Additionally, we have to treat separately the case where j = [. For this case the
amplitudes to the right of the beam-splitter j, C; and D;, have to be calculated as for

the case where j > [

C; A; Aj— 2
1 ) 1

=nuw + _neikdl + n(1 — ic) U — M + a i (6.22)
\/5(1 _ eikd) \/§ \/5(1 _ eikd) \/§ ’

and it follows

Inl?
ICj1* + |Dy|* = T (5 (2 — cos (kdl) — cos (kd(l — N))

—esin (kd) — esin (kd(l — 1)) + esin (kdl)) + O(e*). (6.23)

The amplitudes to the left of the beam-splitter 7 = [ have to be calculated as for the
case j <[

ikdl ikd(N—1+1) ,
e 1 (”6 ¢ >a‘ (6.24)

\/5(1 _ eikd)v + ﬁ(eikd —1) + ﬁn
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6. Detailed calculations

which leads to

|A;12 + | Bs|? = 481'|n772|zkd) (2 —cos (kd(N — 1+ 1)) — cos (kd(l — 1))
+esin (kd) — esin (kd(l — N)) — esin (kd(N — 1 +1))) + O(¢*). (6.25)
With
AR+ 1B, — (1O + 102 = — T (cos (kd(1 — 1)) + cos (kdl))

+cos (kd(l — N)) — cos (kd(N — [ 4+ 1)) + 2esin (kd) + esin (kd(l — 1))
+esin (kd(N — 1)) — esin (kdl) — esin (kd(N — 1+ 1))), (6.26)

we obtain for the force on the perturbed lattice

I Inecos(ﬁ)
P (d - 2N)\> - ele)

Using Eq. (6.19), Eq. (6.21)) and Eq. (6.27)), we can easily read off D; = fFj

Lk (. (li—Ir T
Djl = nT (sm < N ) — 5]'[ cot (2]\7>> (628)

The matrix D is symmetric, thus all eigenvalues are real. Because it is also a circulant

(6.27)

matrix, the eigenvalues can be easily calculated [86]. Therefore, the matrix can be

rewritten in the following way

Qo anN—-1 ... Qo Qi
N-1
ay ag ... Az Qa9 .
i
D=| | N L B A (6.29)
. . : . . i=1
aN-1 AaN-2 ayp ao
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with

0
10 ...

Z=|01..0 0]. (6.30)
00 ...10

The matrix Z has N different eigenvalues z;, which have the following form
27i(k—1)

zp=e N (6.31)

with the eigenvectors

=1 5 |- (6.32)

All circulant matrices have the same basis of eigenvectors 2 with the eigenvalues
N-1
A=) iz, (6.33)
=0

Inserting Eq. into Eq. (6.33), we obtain the eigenvalues ), for the matrix D
— _ﬁ o sin (%)
Ay = z (COt (2N> + COS (%) — COS (%(X/,l)))
e o) (52
= C  cos (%) — COS (w) .

(6.34)

It ensues that the eigenvalues are all negative, which, according to Eq. (5.9)), enables
the particles to form stable configurations at this distance, even if the lattice is slightly

perturbed.
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6. Detailed calculations

In the absence of damping, = 0, we find N phonon modes with frequency (5.18)

o= (o0 * oy )
21,k cot (5 ) sin® (5 me cot () s (*15) (6.35)

me cos (%) — CoS (%) a Ccos (N) — cos (L(]”V_l)) 7

Inserting Eq. (5.5)) into Eq. (5.4) we obtain the forces (5.20) acting on the particle j
when perturbing particle [:

= Bk (_ cot (nc) &+ > s (’j ;j'”) a) (6.36)
Zk (( cot 2N +Zsm ('j ;V”W)) & +;sin <|j ;V”W) (& —&))
(6.37)
’;k ((—cot oV +Zsm<év>+zsm< ))
> ( ””) (G- @-)) (6.39)
15[y L) )
- (57 ) - @)) (6.39)
_ ’;k ((— cot (27;\7) + cot (27;\7» &+ gsm ("7Nl|7r> (& — fj)) (6.40)
5 (a5 -0 o
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7. Introduction

A nice feature of nanofibres is, that they can guide a broad frequency spectrum.
Launching a broadband light field into the fibre changes the interaction properties of
the particles. Depending on the bandwidth of this field the interparticle forces decay
exponentially and one can tune the interactions from infinite range to nearest neighbor
interactions. In such a field the particles still self-order in stable configurations. In
this case the force between the particles is a special case of a Fourier cosine series
and, thus, the combination of various fields gives one the possibility to tune the forces
between the particles depending on the properties of these fields. So, by choosing
specific combinations of the intensities, frequencies and the bandwidths of the fields,
one can design different force shapes. This gives one even the possibility to turn off the

forces between special particle pairs.
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Tailored long range forces on polarizable particles

by collective scattering of broadband radiation
Daniela Holzmann[] and Helmut Ritsch

Collective coherent light scattering by polarizable particles creates surprisingly strong,
long range inter-particle forces originating from interference of the light scattered by
different particles. While for monochromatic laser beams this interaction decays with
the inverse distance, we show here that in general the effective interaction range and
geometry can be controlled by the illumination bandwidth and geometry. As generic
example we study the modifications inter-particle forces within a 1D chain of atoms
trapped in the field of a confined optical nanofiber mode. For two particles we find short
range attraction as well as optical binding at multiple distances. The range of stable
distances shrinks with increasing light bandwidth and for a very large bandwidth field as
e.g. blackbody radiation we find a strongly attractive potential up to a critical distance
beyond which the force gets repulsive. Including multiple scattering can even lead to
the appearance of a stable configuration at a large distance. Such broadband scattering
forces should be observable contributions in ultra-cold atom interferometers or atomic
clocks setups. They could be studied in detail in 1D geometries with ultra-cold atoms
trapped along or within an optical nanofiber. Broadband radiation force interactions

might also contribute in astrophysical scenarios as illuminated cold dust clouds.

New Journal of Physics 18 103041(2016) doi:10.1088/1367-2630/18/10/103041
Erratum in New Journal of Physics 18 119602(2016) doi:10.1088/1367-2630/18/11/119602

'D.H. performed all of the calculations in this publication, while H.R. contributed in an advisory role.
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8. Publication

8.1. Introduction

Light scattering from point like particles is connected to momentum and energy exchange
between the particles and the field. The interference of the fields scattered from different
particles in an extended ensemble leads to important modifications of the total force on
the ensemble [87} [88] and introduces long range inter-particle light-forces [89]. These
forces, which originate from coherent scattering stay sizable even if the light fields are
far detuned from any optical resonance [90]. The full coupled nonlinear interaction in a
cloud thus leads to a very rich and complex dynamics [91] including trapping, optical
binding [74; 92] and selfordering [75}; [93]. Interestingly, many of the key physical effects
can already be found and studied in effective 1D geometries [72]. One particularly
interesting example are atoms coupled to 1D optical micro structures [I1; 04] as
e. g. an optical nanofiber, where even a single atom can significantly modify light
propagation [77; 95; [96].
In a milestone experiment, Rauschenbeutel and coworkers recently managed to trap
cold atoms alongside a tapered optical nanofiber [11], a result which has been repeated
and improved in several new setups [58; [77; [97-99]. As a key consequence of the strong
atom-fiber coupling, optical dipole interaction and light forces between two atoms are
now mediated over basically the whole fiber length. Corresponding calculations of
the collective particle dynamics exhibit enhanced inter-particle forces supporting the
formation of periodical self-ordered regular arrays [15; [16; [72], where light and motion
is strongly coupled and correlated [100].
Even for large ensembles, illumination with monochromatic laser light generates a
translation invariant 1D geometry. To lowest order this implements equal strength
infinite range coupling of each particle to all the others [77]. At sufficiently low kinetic
temperature this induces crystallization of the particles and light fields with characteristic
phonon excitations [72; [77; 100; 101]. It has already been shown, that adding a second
laser frequency enhances particle-particle interaction at controllable distances [80]. Note
that using circularly polarized light, asymmetric chiral scattering and interaction can
be implemented in such systems as well to generate very exotic chiral spin models [102].
Here for simplicity we will assume transverse linear polarization though to keep inversion
symmetry.

In this work we generalize this coupled atom-field dynamics to incoherent light

with a large bandwidth and no stable phase relation between the different frequency
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8.1. Introduction

Figure 8.1.: A 1D array of point particles scattering light in and out of an optical
nano-structure can be modelled as a collection of beam splitters interacting with a plane
wave.

components. Hence the incoming radiation field is space and time translation invariant,
but now possesses a finite correlation length. Surprisingly there appear substantial
and partly even enhanced inter particle forces, for which we can control the effective
interaction length via the spectral shape of the incoming radiation. Note that such
broadband finite range forces were recently also predicted and observed in a seminal
nano particle experiment with incoherent 3D illumination in a solution [103]. As the
corresponding full 3D model is rather complex to solve and understand, we will restrict
ourselves to a quasi 1D setup as mentioned above and depicted in 8.1 allowing an at least
partially analytic treatment. Nevertheless we expect the model to exhibit the essential
underlying multiple scattering physics. Note that instead of shaping the incoming light
spectrum, one can alternatively envisage to tailor the waveguide dispersion relation by
nano-structuring to manipulate propagation lengths [104} [105].

This work is organized as follows. We first generalize the basic definitions and dynamical
equations of the proven multiple scattering model for light forces in 1D systems [63};
64; R1:; 106] towards fields with finite bandwidth, orthogonally impinging on small
particles in a 1D trap along an optical waveguide structure cf. For two particles we
analytically calculate the resulting inter-particle forces as function of bandwidth and
separation. These results are then numerically extended to higher particle numbers
studying the self-consistent coupled particle field dynamics for small ensembles and
varying bandwidth. As a final case we will study temperature dependent forces in

thermal radiation fields.
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8.2. Multiple scattering approach for a point particle
chain in broadband light

Let us assume an incoming broadband radiation field with all the wavelength components
larger than the particle size and detuned from any optical resonance. The particles
move in a 1D trap close enough to an optical fiber so that they can coherently scatter
light into and out of the propagating fiber modes. For simplicity we assume a nanofiber,
which supports only a single transverse mode propagating in each direction and a single
peaked frequency distribution for the incident light field with center frequency wy and

width vp. Its maximum intensity is Iy so that:

Iy "o
T % + (W — wo)?

I(w) = , (8.1)
which can be considered as a generic model of a broadband laser field or fluorescence of
a large atomic ensemble. The scattered field spectrum by a single point like scatterer
will than largely be proportional to the incoming distribution. For very broad light
fields as generated from an LED source or ultimately using blackbody radiation with a
very broad Planck spectrum, one would of course get corrections from the frequency
dependent scattering amplitude n. We will only address this limit a bit at the end of

this work.

8.2.1. Optical binding forces between two particles

To get some first insight we start with the simplest nontrivial example of two particles
at a distance d = x9 — 71 scattering light into the fiber. Inside the fiber the fields
scattered from the two particles will interfere and a part of the field scattered by the
first particle will be backscattered from the second one and vice versa. As shown in
previous work, this situation can be modeled by a beam splitter approach via a 3 x 3
coupling matrix [16]. Each beam splitter is parametrized by a complex polarizability
¢ with dispersive part (., absorptive part (; and an effective scattering amplitude 7,
which for simplicity we assume to be frequency independent. In this case the multiple
scattering can be summed to all orders and still allows for analytic calculations of the
total self-consistent fields and forces by integrating over the whole spectrum. Note that

as only the product of the spectral polarizability and the illumination spectrum appears
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8.2. Multiple scattering approach for a point particle chain in broadband light

in the calculations any frequency dependence can be absorbed into a more complex
effective pump distribution.

For two particles and small ¢ = ¢, +i¢; [16] as well as small relative bandwidth vy < wy,
integration over the whole frequency range yields:

I 00
F = ﬂ/ 5 o Cos wd 1 — 2¢; cos wd) _ 2(, sin wd dw
e J—oo G + (W — wp)? c c c
= In (e_wgd cos (de> -G (1 + e 2 cos <2w0d>> — (re_w%d sin <2w0d>> .
c c c c

In contrast to the infinite range for a monochromatic field [16] we find an additional

exponential decay of the inter-particle force determined solely by the illumination
bandwidth. This behavior is exhibited in figure [8.2] where the forces on the first particle
for different bandwidths are compared. We still find stable configurations (optical
binding) at several different distances, which can be calculated from the zero-points of
the force in . Note that as a reference value we also have included the case of an
unrealistically broad distribution of width vy = wy to get some qualitative insight for
the infinite bandwidth limit.

For a stable point we need zero average force and that the derivative of the force on
the first beam-splitter with respect to distance is positive and negative for the second
one. Surprisingly for non-absorbing particles with vanishing imaginary part (negligible
absorption) of ¢, ¢; = 0, these stable distances dy do not depend on the bandwidth and

are equal as for a monochromatic case [16]:

3
do = (4 + 7’L> /\0, n € N. (83)

When we also take absorption into account by introducing an imaginary part of ¢, this
adds extra outward radiation pressure to the force and shifts the stable distances to
larger values. Eventually for too large ¢; no stable configuration can be found as shown
in figure 8.3 and [8.4] Note that scattering of light to non propagating field modes
simply appears as effective loss in the imaginary part ;. Once knowing the forces we
can also simulate the coupled particle field dynamics for non-equilibrium conditions.

Adding some effective friction to particle motion we simply integrate the equations of
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Figure 8.2.: Light force on the left of two
particles as function of their distance d for
¢ = 1/9 and different bandwidths. Blue
corresponds to vg = 0, red to v = 0.1 wy,
green to vg = 0.5 wg and violet to vg = wy.
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Figure 8.3.: Same as above for ( = (1 +
i)/9. Blue corresponds to 79 = 0, red to
70 = 0.1 wq, green to 79 = 0.5 wp and
violet to v9 = wo-.
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Figure 8.4.: Optical binding distances d for two particles as a function of absorption
coefficient ¢; for fixed dispersive component ¢, = 1/9. Blue corresponds to zero bandwidth
Y0 = 0, red to 79 = 0.1 wp, green to vg = 0.5 wg and violet to 79 = wg. Solid lines show
stable while dashed lines show unstable configurations.
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Figure 8.5.: Trajectories of two Figure 8.6.: Same as above for ( = 1/9
particles as a function of time for ¢ = and o = wo.

1/9 and ~vp = 0.1 wy.

motion and let the coupled particle field system evolve towards stable configurations.
This is shown in figures 8.5 and [8.6] where such trajectories for different illumination
bandwidths g are compared. Indeed the simulations confirm the independence of the
stable distance on the line width of the radiation. Note that in all cases the particles
act like resonators creating a field intensity maximum in between them, while they
themselves do not sit at either a field maximum or minimum as one might expect from
simple light shift considerations. As a clear signature of multiple scattering we also get
a strong spectral filtering response reminiscent of a Fabry Perot cavity from our particle
pair. While some frequencies are strongly confined, others are dominantly transmitted
depending on the particle distance. As a consequence the spectral distribution of the
intensity emitted into the fiber outside the particle pair is strongly modified from the
input. It also substantially changes with varying polarizability ( and the line width ~,.
This is depicted in some typical examples in figure and 8.8, Unexpectedly the
intensities are not spectrally symmetric, which is a consequence of the strong frequency-
dependent scattering of the beam-splitters. In this case some frequencies are filtered by
particles, while others can pass them. Which frequencies can pass does not only depend
on ¢ and 7o but also at which of the stable distances the particles order. Thus, one can
directly get information on the distance of the particles by measuring the frequency

distribution of the outgoing intensity.
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Figure 8.7.: Spectral intensity distribu- Figure 8.8.: Same as above for (= %
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Blue corresponds to 79 = 0.1 wg and d =
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Y0 = 0.5 wg and d = § Ag, and yellow
to 70 = 0.5 wg and d = £ Ap.
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8.2.2. Forces and selfordering for several beam splitters

In principle determining the field distributions, the forces and stationary states for a
larger number of beam splitters is straightforward by multiplying the corresponding
scattering and propagation matrices. In practice, useful analytic results can only be
obtained by ignoring backscattering and setting ¢ = 0 as multiple scattering leads
to very complex expressions. In contrast to the monochromatic case the particles in
steady state here are not equidistantly distributed, which leads to a much more complex
transfer matrix. Nevertheless, for ¢ = 0 the transfer matrix still can be calculated
analytically for NV particles and integrated over the frequency distribution to yield the

following expression for the total force:

e N-1 wYl_ . d; j—1 E
o=z ot (o (50) - e (51
Nl I vod; =1 vd; j-: i
= [ZO (Z o™ 2izi et cos (wz ) Ze i <w chl dz)) .
l=j

(8.4)
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Figure 8.9.: Shortest stable distances for
a symmetric configuration of six particles
as a function of bandwidth ~y. Blue cor-
responds to the distance between the first
two particles, red to the distance between
the second and the third and green to the
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Figure 8.10.: Shortest stable distances as
a function of the number of particles N for
v = 0.1 wg. The blue line corresponds to
the distance between the first two particles
dy, red to ds, green to ds, violet to dy, light
blue to ds and magenta to dg.

particle.

As the zeros of this function yielding the stable configurations are determined by a
transcendent equation they can not be calculated analytically. Nevertheless a numerical
solution requires very little effort. So in figure we plot the closed configuration of
stationary distances for six particles as a function of the bandwidth ~y. Interestingly
the particles are only equidistantly ordered in the two extreme limits of zero bandwidth
v = 0 and a very large bandwidth, where interactions are short distance. For finite
7o the distances between the inner particles are larger than the distances between the
outer ones.

For large bandwidth vy the particles only significantly interact with their direct neighbors
yielding equidistant order at a distance d ~ % Ao. This is the same distance as for two
particles as a consequence of the short range of the force. Note that by controlling the
input bandwidth we thus can switch from infinite range to nearest neighbor interaction.
This behavior is also shown in figure [8.10] where the dependence of the stable distance

as function of the number of particles is compared for different bandwidth 7. The
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and initial distance v9 = 0.1 wg.

distance between the particles for larger 7y is closer to the two-particle-distance % Ao-
Additionally they again confirm that the outer particles are closer than the inner ones
and that the distances for the outer ones become more and more equal for large particle
numbers. Again the couple atom-field dynamics shows intriguing physics. Figure [3.11]
and show two examples for the time evolution of four particles in a broadband
field. Again the distance between the outer particles is larger than between the inner
particles. Interestingly the particles tend to create high field intensities between them,
with the outer two providing trap sites for the inner pair and a total field maximum
generated at the center. This effect, more prominent for smaller bandwidth, reminds of

a self assembled cavity QED system.

8.3. Interparticle forces induced by blackbody radiation

As a final and extreme limit of broadband radiation let us consider the particles to be
illuminated by a thermal radiation field (BBR) with a Planck spectrum. At temperature
T with Boltzmann constant kg, Planck constant A and light velocity ¢ the spectral

distribution reads: 5
h w
= 3
2m2c? JrpT _

Ih(w) (8.5)

Of course the assumption of constant linear polarizability is only approximately valid

throughout the whole Planck spectrum. Nevertheless it has been shown recently, that
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8.3. Interparticle forces induced by blackbody radiation

for atoms with a first excited state in the UV region as e.g. atomic hydrogen, this
approximation is surprisingly good up to temperatures of T" ~ 6000 K [103} [107].
Introducing a more realistic frequency dependent polarizability and resonances will
introduce some quantitative changes, but one can expect qualitative agreement as long
as the majority of the incident power is sufficiently detuned from resonances. This is
generally the case for low temperature radiation with a peak below the visible.

It has been shown before that the emitted BBR field from a hot source itself induces a
surprising attractive force pulling atoms towards the hot object [107]. Here we start
with two temperature less particles illuminated from the side by a BBR field. Again
we integrate the fiber mediated scattering force between them over the BBR frequency

range in (8.5)), which still can be done analytically to obtain

P hws [ cosh (%) +2 4 (7“T>4 (2.6)
1= 2 27T203 Sinh4 (i) d ’ ’
T

hic 7TkBT
kT h

For particles in an environment with room temperature the thermal length gives

where we defined a thermal length rr =

and a thermal frequency wr =

T300K R % m - K ~ 2.4-107% m, which is much larger then a typical optical
wavelength. Of course the long wavelength components will not be significantly guided
by the fiber, but due to their low energy and momentum content, these parts are not
relevant for the resulting force anyway.

From ({8.6)) we can expect a distance and temperature dependent sign change of this
force including a zero force distance. In fact as depicted in figure [8.13] the particles
will attract each other if they are close but very surprisingly this changes to repulsion
at distances larger than the thermal radius r7. We thus find no stable equilibrium
distance. The strongest force appears at short distances and will induce a capture
range below which two particles will collapse together. This will large determine the
effective scattering size of two particles. As said, the zero force equilibrium point
(do = 1.37 r7) is not stable and a small perturbation causes collapse or separation.
This behavior is plotted in figure and where in the first case the particles are
attracted by the high intensity peak forming between them, while they are repelled in
the second case. While the quantitative accuracy of this prediction can be doubted
such a qualitative behavior should be generally true, as 3D calculations yield similar

attractive behavior [I03]. This could imply important changes in the dynamics of ultra
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cold particle ensembles in thermal radiation fields with even astrophysical consequences.
Interestingly, the physics changes when we include backscattering and absorption of the
radiation by the particles via introducing a finite (-parameter. Figure and
show that for real ( > 0 we get long range attraction and can even find a second zero
point of the force at a large distance. As this effect is very tiny it might be more of
academic than practical interest, but this separation is even stable against perturbations.
Including absorption via imaginary parts of ¢ has the opposite effect on the particles as
expected. The force is modified in a way that in the limit {, < 1 no stable configurations
can be found due to long range radiation pressure contributions. Similar to the previous
case the particle also filter the light and sculpt an oscillating transmission pattern into
the outgoing light. Figure [8.18| shows the outgoing intensities for a blackbody radiation
field, which keep the gross shape of BBR but again the particles tend to filter some

frequencies.

8.3.1. Larger ensembles in BBR fields

BBR induced forces on larger ensembles can be calculated in the same way as before.
As expected this leads to the rather complex analytic expression in terms of simple

sums for the forces that govern the dynamics of the cloud, but allows simple numerical
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FQ:7/ dw—— ZCOS k:Zdi —ZCOS kZdi
2m2c® Jo eFsT — 1 1=j i=j =1 i=l
222:;‘ d;
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_ T Z _ T .
2.3 L
SUEN = R (E” d') (Zézj di)

T

j-1
j—1 [ cosh (ZTTle) + 2 34
- Z j—ldi> - — . (8.7)

=1 sinh? <TTZ (Zi;} di>4

As it is rather hopeless to analytically find the zeros of this function, in order to get
some first insight in figure we simply plot the force on the outermost particle
as function of the distance for an equidistant particle array and weak backscattering
amplitude. Note that the magnitude of the near field attraction strongly increases with
the particle number, while its range decreases at the same time. Hence this would
trigger a fast collapse of a particle cloud once a certain small distance (high density)
has been reached. At larger distances the force on the first particle does not depend
on the total particle number and is repulsive. This effect is also visible in figure [8.20]
Figure which shows the force on the first five of ten particles clearly shows that

the force on the inner particles is smaller than on the outer ones. Only for some smaller
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distances this is not true, which is also shown in figure while we choose a larger
distance in figure [8.23] The simulations confirm that the particles do not form stable
configurations but tend either to collapse together or repulse each other towards infinity.
This effect can also be observed for four particles in figure and For this case
large intensities between the particles push them apart. Here definitely more extensive
and detailed simulations would be needed to fully understand the dynamics, which,

however, is beyond the scope of this work.

8.4. Conclusions

We have shown that fiber mediated broadband light scattering from linear arrays
of polarizable particles induces a much more rich and complex inter particle forces
than simple repulsive radiation pressure. In fact one can tailor the interaction from
infinite range to nearest neighbor coupling by a suitable choice of the bandwidth.
This originates from the frequency and distance dependent interference of the various
frequency components in the field, which appears for dispersive as well as for absorptive
scattering. For a wide range of bandwidths, one finds multi-stable regular ordering
of the particles and long range forces as for optical binding in monochromatic fields.

The range of inter particle interactions can be well tuned via the bandwidth of the
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incoming field. While we have only studied single peaked frequency distributions to
limit interaction ranges, multiple peaks can be expected to allow for a much more
general design of controlling interaction strength with distance. The physical effect of
these generally quite weak interactions can be significantly enhanced and studied in a
controlled way by coupling via optical nanostructures as nanofibers. Some preliminary
calculations, nevertheless, show that qualitatively analogous behavior survives in 2D
and 3D situations.
Surprisingly even for very broadband BBR fields one finds multi particle collective
effects and a complex interplay of attraction and repulsion at distances around the
thermal radius, which will lead to a complex nonlinear dynamics and response of larger
ensembles. While this certainly is hard to observe in standard setups [103] it still could
have significant influence on longer time scales. Alternatively it could be measurable in
very force sensitive setups such as atom interferometers where it should induce extra
density dependent shifts and dephasing.
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9. Supplement on details of the

analytical calculations

In this section I explain how the integrals in the paper above can be calculated.

The cosine integral used in eq. (8.2)) and (8.4) can be calculated using

/00 cos(aw) o — /00 cos(a(x — WO))dx

—0 75 + (W — wp)? - 7 + 2
_ 1/00 cos(avo(y — wo/%))dy
Yo /o0 L+ y?
_ 1/oo cos(ayoy) cos(ayowo /o) + sin(ayoy) sin(a%wo/%dy (9.1)
Yo J—o0 L+y? o
with
o cos(ay) o elcy o0 cos(ay)
/_ool+y2 ! (—ool+y2 y) e Ty?

. ety

R (270 yias0 fy2dy) for e>0 —me M (9.2)

R (27m' 2y (y)<0 %dy) for ec<0

For ¢ > 0 the integral is proportional to €’/ and we have to integrate over the upper

halfplane (pole i), while for ¢ < 0 the integral is proportional to e~/ and we have to
integrate over the lower halfplane (pole —i).

The sine integral can be solved in a similar way

% sin(ay) , < eley B “lal\ _
/_Oo1+y2dy—%</_ool+y2dy>—%(7re )—0. (9.3)
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With these one can find

/00 cos(aw) 1

R (o w0>2dw = %We_mm cos(awy). (9.4)

In the same way we can also solve the sine-integral of eq. ({8.2))

/00 sin(aw) J 1 /00 sin(aypx) cos(awy) — sin(awy) cos(avypz) J
w = — T =
—o Y+ (W —wo)® T 0 /- 1+ a2

— I e~laho sin(awp) (9.5)

70
For the cos? integral from eq. (8.2]) we use
o cos?(aw © 1 +cos (2aw) 4
/_ T (@ =) 2/ w2 T
00 Y + (W — wo) (w = wo)
1 oo 1
~laho /
—me cos(awp) + = dw, (9.6
270 ot e i @—mp ™ 9

with

oo 1 oo 1 1 oo 1
/ 5 dw:/ 5 dx:—/ dy =
oo Y5 + (W — wo)? oo 7 + a7 Yo Joo 1442

1 > s
— arctan(y =— (9.7
awtan(y) =2 (1)
and find > ()
o cos®(aw ™
dw = — (14 e~ 20 cos(2awy) ) . 9.8
/—oo 7 + (W — wp)? 270 ( ( 0>) (5:8)
For the cosine-integral in eq. and (8.7) let us recall the geometric series
> X/ 1N\" 1 1
= —) = —1l=— 9.9
e =2 () s e ©9
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and get

0o 3 1 00 3 b
/ d cos(bw)dw = — T cos < ) dx =
0o ew—1

atJo er —1 a

1 - * 3 _—nx itz —itgy oo 3 —nz+ils —nz—ilz
—242 x’e (ea +e a)dx:—24§ x(e at 4 e a)da:.
a 0 a 0

n=1 n=1

(9.10)
Using
o) 3 ,—ax 3 ,—ax
/ e @ dr = _re + - / 3xle " dr = _re + - / 3rle ®dr =
0 a a
3 2 e—ax 1 6 2 e ax 1 6
° 5 —2/ bre*dr = —— 3 —3/ 6re “dr = —, (9.11)
a 0 a? Jo a 0 a3 Jo a

and the Polygamma-function ,,:

¢() Zz+nm+l

“653 ot UnE D = )+ (1)l
1/13(2’ 1) = tb3(z) — 627*

dm
(=)™ (1 — 2) — Pp(2) = T cot(mz)
(1 = i2) — thyfiz) = —2imt 2TOHOTE) g 1)
sinh®(7z)
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o w3 3 & 1 1
/o . ICOS(ZMMMa4nz:1((n’:)4+<n+f>4)
1 b ib\  6a*\ t(2+cosh () 3 013
o (0 (1) + o (5) - 50 ) - o e 09
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For the cos? integral in eq. we calculate

/OO W cos? (bw)d —/oo W (cos(2bw) + 1) dw =
0o ew —1 W= 0o e —1 “ Y=

(2—|—cosh(4”b))_ 3 +/<>o WP .

a*sinh? (2—”) 16b* e — 1
With 5 . 6 . .
© w = [ > ™
dw = — / e " dy — =
/0 e — 10 a4n§::1 0 o v= a4zn4 15a*
where we used Parzeval’s theorem » 07, 714 = 55> We get

o0 3 4 cosh (4”17) +2 3
w 9 T
bw)dw = 2
/O ew — 1 o8 ( W) v a* (15 sinh ( ) 1604

For the sine integral in eq. we find

3

o0 b
/ v 1smbw Z/ xe”sm(:v)dx—
0o ew —
3 7nx+ifx —nr— z by
— T e ot —e dr =
2ia* nzzl/o )

1 & 6 6 1 b ib
2ia 2 (-2 (n+2) :26*‘@ <1_> %( a))

84

(9.14)

(9.15)

(9.16)

(9.17)



10. Publication

Synthesizing variable particle interaction potentials

via spectrally shaped spatially coherent illumination
Daniela Holzmannﬂ Matthias Sonnleitner and Helmut Ritsch

Collective scattering of spatially coherent radiation by separated point emitters
induces inter-particle forces. For particles close to nano-photonic structures as, for
example, nano-fibers, hollow core fibers or photonic waveguides, this pair-interaction
induced by monochromatic light is periodic and virtually of infinite range. Here we
show that the shape and range of the optical interaction potential can be precisely
controlled by spectral design of the incoming illumination. If each particle is only weakly
coupled to the confined guided modes the forces acting within a particle ensemble can
be decomposed to pairwise interactions. These forces can be tailored to almost arbitrary
spatial dependence as they are related to Fourier transforms with coefficients controlled
by the intensities and frequencies of the illuminating lasers. We demonstrate the ver-
satility of the scheme by highlighting some examples of unconventional pair potentials.
Implementing these interactions in a chain of trapped quantum particles could be the

basis of a versatile quantum simulator with almost arbitrary all-to-all interaction control.

New Journal of Physics 20 103009(2018) doi:10.1088/1367-2630/aae3bf

!D.H. performed all of the calculations in this publication, while M.S. and H.R. contributed in an
advisory role.
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10.1. Introduction

Advances in laser cooling and manipulation of atoms and nano-particles nowadays allow
one to prepare very low temperature ensembles where inter-particle light forces play an
important role in the motional interaction. In 3D geometries the forces on two particles
induced by collective light scattering or dipole-dipole interaction are typically of rather
short range decaying as (1/distance)® [108]. However, by help of optical structures one
can significantly increase the magnitude and range of light-mediated forces [109]. As
the most prominent example single-mode high-@) optical cavities implement resonantly
enhanced infinite-range couplings [I10], which generate virtual all-to-all interactions
and gives the basis for spontaneous crystallization into a regular lattice structure at
high illumination power [70].

Similarly, in an alternative approach to enhance optical interactions one can use optical
structures which tightly confine the radial extension of the electromagnetic field, allowing
propagation only in one dimension. In the simplest example optical fibers can guide
light virtually unattenuated over a very long range and consequently mediate optical
forces over very long distances [16; 111]. For monochromatic illumination this can
lead to an even more intriguing ordering phenomenon where light confines the particle
motion and the particles confine the light along the fiber [72].

Let us briefly recall the basic idea behind this here. Atoms trapped near a fiber or a
1D-photonic structure interact with the light field coupled into the fiber from its ends.
This radiation field then travels along the chain of particles and encounters one atom
after the other. Each atom then reflects and transmits some fraction of the light such
that effective inter-particle forces emerge. However, as an alternative second method
one can shine light transversely directly onto the atoms. Each atom then scatters some
of this transverse pump field into the fiber where the light can travel and interact with
the light field injected by other particles. Depending on whether the two fields interfere
constructively or destructively the force on a pair of particles will be attractive or
repulsive. This of course depends on the particle distance in units of the wavelength of
the light.

In previous works [16}; [100; 11T} 112] we already demonstrated that such a configuration
gives new tools to design particle-particle interactions. Especially the use of a broadband
spectrum for the transverse pump beam gives finite-range forces which are very different

from the interactions obtained in a longitudinally pumped fiber. Interestingly, the
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extreme case of very broadband black body radiation leads to very short range attraction
and longer range repulsion.

In this work we go one step further and explore the effects of a transverse pump using
multiple broadband beams of different central frequencies and bandwidths. As we will
show in section [10.2] such a setup allows one to design almost arbitrary multi-particle
interaction forces. Although these forces depend on the positions of each particle, to
lowest order in the particle field coupling they can be written as a sum of two-particle
interactions which in turn can be written as a Fourier series with coefficients given by
the intensities of the transverse pump beams.

The option to design particle-particle interactions opens a host of possibilities and some
of these shall be explored here in a generic way. In section we discuss how this
gives rise to new types of self-organisation. In section we explore opportunities for
particles trapped in external potentials where tunable, position dependent interactions

might be useful for quantum computation and simulation.

10.2. Model

Let us consider a set of linearly polarizable point-like emitters trapped in the evanescent
field of light modes propagating in an effective 1D geometry. Typical examples are
tapered nano-fibers, nano-waveguides or photonic crystal structures. As indicated in
Fig. the particle motion is guided along the light propagation direction along which
an additional lattice potential could be added, cf. section [10.4. When illuminated
from the side the particles coherently scatter a fraction of the pump light into the
guided modes characterized by an effective scattering amplitude n. Similarly some
of the guided light is reflected into the reverse direction or scattered into free space.
The injected photons propagate within the optical structure where they thus couple
over very long distances to all other particles trapped near the fiber along their path.
The particle-particle interaction mostly originates from the interference between the
incoupled light amplitudes by the different particles. Closely related configurations have
been experimentally realized with atoms [11}; 58; 98} [113] or nano-particles [114].

In the case of a single or a few particles a detailed numerical modeling of the setup is
possible with good agreement to the experiment. However, as shown recently, the key

physics can be already modeled and understood from a much simplified semi-analytical

87



10. Publication

Figure 10.1.: A one-dimensional array of point particles scattering light into and out of
an optical nano-structure can be modeled as a collection of beam splitters interacting with
a plane wave. In this work we consider broadband transverse illumination characterized
by the intensities, central frequencies and spectral widths of the incoming beams.

scattering model [I15]. We will generalize this model here towards multifrequency
illumination and extract the key physics originating from frequency control.

As our toy model is, of course, strongly oversimplified, we will explicitly mention some
of these simplifications here for clarity. We assume a scalar linear polarizability of
the particles, while typical atoms have more than one or two contributing internal
levels and thus exhibit a polarization, frequency and intensity dependent light shift.
This is avoided using a J = 0 to J = 1 transition at very low magnetic field and
light power. Similarly, the optical field around a nano-structure naturally exhibits
radial and longitudinal polarization gradients, which sometimes generates even chiral
couplings [I116]. This is ignored here but actually can be an extra asset to control
the system, which we do not make use of here. We also simply assume a frequency
independent polarizability and a flat fiber dispersion curve over a large frequency range,
which is hardly the case. However, as only the product of polarizability times spectral
density enters into the force, this poses no serious restriction to the generality of our
model. As a further simplification we ignore radial forces acting against the transverse
trap of the particles [115], which will give upper limits on the possible illumination

powers, but generally do not seriously affect the longitudinal dynamics.
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10.2.1. Beam-splitter model for transversely illuminated particles

As we have outlined in a previous work [I6] a set of particles next to a waveguide can
be effectively modeled using a scattering matrix approach. Here for light propagating
in the fiber, the particles simply act as beam splitters with a complex polarizability ¢
with dispersive part $(¢) and absorptive part (¢). The transmission and reflection
coefficients t = 1/(1 — i¢) and r = i(/(1 — i() describe how the particles modulate the
field inside the fiber. At the same time each illuminated particle also acts as a local
source of light scattered into the propagating mode with (real) pump amplitude 7. The
interaction between a particle and the fiber modes as well as the scattering into and

out of the fiber can thus be effectively described by a 3 x 3 beam splitter matrix Mpg:

A; . t2—r2 r %(t —r) C;
_ 1
Bj = ; —T 1 _72 Dj
n 0 0 t n
L+i¢ i 51 —iC) C;
= —i¢ 1—1iC %(i{ - 1) D; |- (10.1)
0 0 1 n

Here B;,C; are the amplitudes of the fields traveling within the fiber towards the
j-th particle, while A;, D; are the amplitudes of the outgoing fields. The parameter 7
gives the effective amplitude of the light scattered into the fiber and coming from the
transverse pump field. For simplicity here we assume that all atoms see the same pump
field amplitude and phase such that 7 is the same for all particles.

While the beam splitter relations above describe how the particles redistribute the
light in and outside the fiber, a propagation matrix Mp(d) is needed to describe the
propagation of light along the fiber between two particles with distance d,

eikd 0 0
Mp(d)=| 0 e o [, (10.2)
0 0 1

with the wave vector k = n(w)w/c, frequency w, speed of light ¢ and refractive index
n(w), which we assume to be equal for all frequencies n(w) ~ n.

Multiplying the individual beam splitter and propagation matrices for a given particle
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distribution allows one to determine the field distribution along the fiber depending
on the particle positions. The optical force on the j-th particle can then be calculated
by inserting the calculated field amplitudes in the Maxwell stress tensor, which here

SlIIlply gives [437 ()3, 64]
€0

The standard way to induce light forces on the particles is of course to send the
light through the fiber. A standing light wave in the fiber creates thus a perfect one-
dimensional lattice potential along the propagating directions. Note that the transverse
field gradients can be also used to create trapping in the radial direction [58; 117]. In
the case of many particles trapped simultaneously, multiple scattering modifies this
potential and already creates long range interactions and nonlinear dynamics [64]. In
general these interactions are tiny compared to the single particle potential as the
backscattering per particle typically is small. However, when only a transverse pump
is applied, all the light in the fiber is created from atomic scattering of the pump
light. Here the atoms then interact not only via rescattering of this light, but even
more prominently via interference of the light scattered by different atoms into the
fiber [16]. In special cases this leads to ordering and self-organization of the atoms [72]
very similar as in transversely pumped cavities [70]. But in contrast to a cavity there
are no preselected modes defining the sensitivity of the system to the frequency of the

incoming light.

10.2.2. Forces due to transverse illumination

The central aim of this work is to explore the possibilities to implement and design
specific inter-particle forces induced by scattering of spatially coherent transverse pump
fields with a variable spectrum. The forces stem from collective scattering into the fiber
mode on the one hand and multiple rescattering of this light within the mode on the
other hand. To simplify our model here we assume that the coupling of the particles
to the fiber field is very weak, i.e. |(| < 1, so that higher order scattering will be
negligible. As shown in a previous work [112] one can even assume the limit ¢ — 0 with
only small error. Although the two coupling strengths n and ¢ both equally depend on
the polarizability of the particles [37] and the evanescent guided mode amplitude at
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their position, both parameters can be adjusted independently as only 7 is proportional
to the pump amplitude. Hence 1 dominates for strong transverse pump compensating
the weak coupling.

In the limit ¢ — 0 the forces on the particles can then be understood as a sum of long
range two-particle interactions between all particle pairs at their positions z; and z;
with 21 < 29 < --+ < xy and the force can be considered as a sum of contributions from
different frequency components. As derived in some more detail in a previous work [112]
for the spectral force density on the j-th of N particles, i.e. the force contribution at

frequency w with intensity I(w), we then get

Folosar, o, oy) = 1) ( > cos (M) - S (M»

¢ \i=j+ ¢
N Jj—1
= Z f1,2(w7xj7xl)+Zf2,2<waajj7xl)‘ <1O4>
I=j+1 =1

Here I(w) is the intensity distribution of the transverse pump field and the total force
on this particle is then given by Fj n(x1,...,2n) = [ fjn(w,21,. .., 2N)dw.

The second line of Eq. can be understood as follows: f1 2(w, x;, x;) gives the force
density on the first of two particles located at z; and z; with j < [. Likewise f5(w, ;, 2;)
gives the force on the second particle of the pair, with foo(w,z;, 2;) = — fi2(w, ;, 2;).
Hence the first sum describes the pairwise interaction with all particles to the right of
x; while the second sum gives the interaction with all particles to the left.

For the sake of analytical integrability we will assume the incident light field I(w) as a
sum of single transverse mode Lorentzian spectral lines with different central frequencies
2

W = 2me/ Ay, wave lengths A, peak intensities I,, = |n,|*ceo/2 and widths 7,,:

Hw) =3 1 Yo | (10.5)

p ?02%2,1 +n2(w —wp)?

We also ignore here the frequency dependent polarizability of the scattering amplitude n

as this can be incorporated in a suitable frequency dependent effective pump strength.
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Integrating the force density Eq. (10.4) using this intensity distribution gives

I, [ m nw(x; — x;

V2, 4+ n?(w — wi, c
I
= e vmle =il cog (K, (21 — ) 10.6
I (ki — ) (10.6)
where from inversion symmetry we see Fi o(z;, ;) = —Fa2(2;, ;). Using the fact that

the force for a larger set of NV particles can be described using only pairwise interactions,
we can define Fyo(xj, 7)) = —Foo(xj, 7)) = Fpaw(® — ;) = Fhai(dj), with distance
dj; = |z; — x;|. Note that in this case Fp,i(dj;) describes the force on the particle on
the left.

Let us mention again here that we completely neglect possible interference effects
between distant spectral components of the beams as we assume that they are only
spatially but not time coherent and quickly average out in time. By help of the beam
splitter method developed for single frequencies we thus can directly calculate the forces
for each frequency component separately and then add them up to obtain the full force
on the particles. Note that this implicitly also assumes low particle velocities so that
the Doppler shifts on reflection do not couple different parts of the spectrum.

In a previous work on this model assuming a single illumination line with a finite
bandwidth [I12] we could identify stable stationary configurations of the particles where
all forces vanish. As a central property for such stable particle configurations the
outermost particles arranged to form Bragg mirrors and act like an optical resonator to
trap high field intensities and the other particles between them. This behaviour vanishes
for a large enough absorptive part J(¢), where no stable solutions can be found due
to outward radiation pressure in the chain. In addition the key effect of a finite laser
bandwidth resulted in forces with exponential decay over distance proportional to the
inverse bandwidth of the pump. The interaction range between the particles thus can
be controlled via the spectral width of the incoming field. By changing v from small to
large values, the interaction can be tailored from infinite range to nearest-neighbour
coupling. This leads to the expectation that a more general spectral control of the input

field should give much wider opportunities to tailor interaction potentials.
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Two-particle forces and potentials

The radiation field inside the fiber is the result of collective scattering by all N particles.
As a result, the force on each of these particles depends on the positions of all N
particles. But as discussed above, the total force on the j-th of N particles can be
rewritten as a sum of two-particle interactions depending only on the distance between
these two particles.

The two-particle force given in Eq. can be expressed in terms of a potential,
Foair(dji) = =0, Upair(dj;) with

1,,e~vmdit
Upair (djt) =Y

> ne(k2 4 42) (Ko sin(kmdj1) — Ym co8(kmdji)) - (10.7)

Due to translational invariance of the setup, this potential depends only on the distance
dj; = |z;—x;|. The positions of global (local) minima of Up,i(d;;) gives the distances for
stable (metastable) two-particle configurations. Clearly the potential is simply periodic
for a single monochromatic transverse pump beam, but as shown in Fig. adding a
second beam already gives intricate shapes for the pair-potential. Fig. shows the
potential for two particles illuminated by two broadband fields of varying intensity I
and width v5. We see that these two parameters as well as the frequency wy can be
used to adjust the stable two-particle distances. The potential generated by a single
beam has equidistant minima in the near field whose depth changes with 7 in the far
field. For two fields we find non-equidistantly distributed equilibrium distances at short
range. The relative intensity of the two fields can be used to adjust the relative depth of
the potential wells. Note that in the chosen example no three minima of the potential
have distances which are multiples of each other. So adding a third particle directly
leads to frustration effects [118; [I19] as the particles have to leave the stable pairwise
configuration in order to find a configuration where all three particles are trapped.
Finally, allowing for a finite range v of the second field as in Fig. [10.2b) recovers the
long range periodic potential with distortions resembling a defect at small distances. To
further study the versatility of interaction potentials created by adding many frequency
components we compare the expression for the two-particle force to the definition
of a general Fourier series
ap =

f(t) = 5 1 > (am, cos(mt) + by, sin(mt)), (10.8)

m=1
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Figure 10.2.: Pair potential from Eq. for two particles illuminated by two fields
with frequencies k1 and ko = % k1 as a function of the distance d. a) Adding two beams
of equal intensity and without decay (I = I, 71 = 72 = 0) creates a periodic potential
landscape. Thin lines in the back show the individual fields with wave numbers k; (yellow)
and ky = % k1 (green) separately. Changing the intensity ratios and/or introducing finite
bandwidths 75 can create more complicate potentials: b) Io = I, y1 = 0, v2 = 0.05 k1, ¢)
122211,’71=")/2=0, d) 122211,’)/1=0, ’)’220.05 k‘l.

and see that the force is a special case of a Fourier cosine series with ag = b,, = 0,
A = {L—”CL and ~,, = 0. Since ag = b,, = 0 we can only generate symmetric functions.
Including a finite bandwidth ~,, # 0 this is no longer a classical Fourier series, but
opens the possibility to change every single component of the series and design different
force shapes as shown in Fig. [10.3] When choosing specific combinations of I,,,, w,, and
Ym we can model very peculiar force shapes such as, for example, a triangular wave.
When changing 7, to non-zero values this triangle wave changes strongly in the far field
(Fig. [10.3p). Also a square wave can be modeled and when introducing 7, it changes
to a simple sine wave (Fig. [10.3b) in the far field. Fig. [10.3c) shows an example with
strong localizing forces appearing preferably around chosen distances. 7, can then be
used to tune the forces between the peaks. An even more unusual case is a Lorentz

distribution (Fig.|[10.3d) where very strong inter-particle forces appear specifically in a
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Figure 10.3.: Pair forces Fp,i(d) of Eq. (10.6) for two particles illuminated by a sum of
Mmax fields with wave numbers k1, ...,k as a function of the distance d with ~,,, =0

s "WMmax

(blue) and 7, # 0 (yellow). As the forces can be written as a Fourier series one can
implement shapes including a) triangles, I,,, = m I, kyy = (2m — 1) k1, Mmax = 10,

blue: 7, = 0, yellow: 73 = 0.1 k1, vm>1 = 0; b) rectangular waves, I,,, = w 1y,

km = m ki, mmax = 10, blue: ~,, = 0, yellow: v, = 0.1(1 — 1/m) ky; c) clusters of
strong oscillating forces with a Gaussian intensity distribution I, = e~ (m=10)?/10 (8.1 I,
km = (1 +0.1m) ki, mmax = 20, blue: v, = 0, yellow: 7,,—g1_g13-20y = 0.1 m Ky,
Ym={9—12} = 0; d) or very thin Lorentz peaks I,, = (1 — (m — 1)/10) I1, kym = m ki,
Mmax = 10 and blue: v, = 0, yellow: v, = 0.03 m k1.

very narrow interval of distances. This includes a very sharp gradient of the force at the
equilibrium positions providing for very strong particle confinement with deep potential
wells. Investigating the parameters more closely we can see that the examples given
in Figs. ), b) and d) rely on a setup spanning a very broad frequency range of
several octaves: Starting with a far infrared beam (COs-laser) at (A; = 10000 nm), the
doubled frequency is at (A2 = 5000 nm) and even higher harmonics would reach the
visible regime. Continuing this up to ten octaves more would thus certainly be hardly
possible. The example of Fig. mc) shows a more accessible setup with a confined

range of frequencies.
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Extension to many particles

Summing up all pair-particle potentials Eq. (10.7)) we can calculate the position depend-
ent light shift (optical potential) experienced by a single particle keeping all the other

particles at a fixed position as

j—1 N
Uj,N(xh e ,JIN) = Z Upair(djl) + Z Upair(djl> . (109)
=1 l=j+1

Using Ox, Upair(dj1) = —0q, Upair(dji) we obtain the force acting on a particle of Eq. ((10.3)
from Fj ny = —0,,;Ujn(71,...,7y). The total potential energy of the system can then

be calculated by summing up all these potentials:

1 N
Ut0t<l'1,...,l'N):§ZU]'7N<.CE1,...,[BN). (1010)

J=1

10.3. Tailored forces for free particles and frustration

effects of self-organization

As we have seen and illustrated in figure there are many possibilities to tailor the
forces acting between particle pairs. Using the fact that the equation for the force is a
symmetric Fourier series we can produce every symmetric periodic function. Allowing
for a bandwidth ~,, for the various illumination lines allows to change the range of
the individual frequency components tailoring the long range part of the force shape.
In particular we can create forces with a very sharp gradient at the stable positions
around zero force values, which implies narrow potential wells and very well localized
configurations. We can also produce forces which only affect particles at certain chosen
distances, while particles at other distances can move almost freely. In figure we
show a set of three atoms arranging themselves under the influence of rectangular-wave
two-particle forces as depicted in figure ) Here, two particles order at a distance
given by the very sharp zero points of the force, which is at dyo = 0.75 A\; for the given
parameters. If a third particle is added, each pair will seek to arrange itself at a distance
given by the (stable) zero of the respective pair-force. But from fig. [10.3p) we see that
these stable distances are distributed such that this is impossible. The group of particles

thus will have to “compromise" and settle at distances dios = doz =~ 0.78 \;. This
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Figure 10.4.: Trajectories for three particles (black lines) illuminated by transverse
pump-beams generating an approximately rectangular pair-force profile as shown in
Fig. [10.3p) with I,,, = sin(mm/2)/m I1, kyp, = m k1, Mmax = 10 and 7,, = 0. Red dashed
lines show the case of two particles which remain at the minimum equilibrium distance.
For this force pattern, three or more particles cannot arrange themselves such that the
separation between each pair corresponds to a minimum of the respective pair-potential.
The setup thus shows frustration as the particles have to reorder and find a shifted common
equilibrium if a third particle is added. In this simulation we assume an environment with
a friction coefficient p, the time time scale ¢, depends on A1, I,,, n, i and the particle-mass
M.

situation thus shows (classical) frustration [118], similar to magnets on a triangular grid
which cannot arrange themselves such that each pair of magnets is in an anti-parallel

configuration [I19)].

10.4. Designing interaction potentials between trapped

particles

In the previous section we discussed how free particles organize themselves and interact
via tailored multi-particle forces generated by the scattered transverse light field. In
many optical trapping applications, however, the particles are already trapped by a
prescribed external lattice potential generated by standing wave light fields propagating
through the nano-structure [58; [120]. As illustrated in figure the forces generated
by the transverse pump field then provide a versatile tool to generate almost arbitrary
interactions between particles trapped in the periodic minima of the external poten-

tial. Similar to the case of a multimode cavity this could be the basis of complex
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Figure 10.5.: Schematic illustration of particles trapped in an external periodic potential
and illuminated by a transverse pump field. This transverse field leads to pair-interactions
between the particles which slightly disturb the particles’ trapping positions. Darker
drawn lines correspond to the three particle setup used in Figs. ) and b). The
configuration used in Fig. [10.6c) uses a fourth particle, indicated here with pale lines.

simulations [I21]. We consider a strong periodic external potential

V(z) = —Vjcos®(kyzx), (10.11)

with Vo = %“//C depending on the intensity Iy, of the two incoming fields, ky the wave

vector of the two fields, and examine the interaction between the particles due to
the transverse pump field. For example, using an initial condition d;s = 0.5 Ay and
dsz = Ay places three particles in the first, second and fourth potential well, as depicted
in Fig. [10.5] Adding transverse beams generates inter-particle forces which are given
by the sum of pair-forces as shown in Eq. . Fig. shows these pair-forces and
the resulting trajectories of the particles. In Fig. [10.6p) we find that the total force
on the third particle is the negative of the sum of the pair-force between the first and
the third particle at a distance of di3 = 1.5 Ay and between the second and the third
particle at deg = Ay, which sum up to zero. So in this case only the first and the second
particle interact. For Fig.[10.6b) we can observe the same for the first and the third
particle. If we consider the four-particle case with the particles trapped in the first,
second, third and fifth potential well as shown in Fig. , the example Fig. [10.6c)
shows that by using two fields we can change the coupling between the particles and

decouple the two particles in the middle. In general the scattering forces on N > 2
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Figure 10.6.: The figures in the left column show distance-dependent forces between atom
pairs for three different configurations of transverse fields and prescribed potentials, see
also Fig. The black dots indicate the respective pairwise separations of three (four)
particles given by the periodic potential and chosen as starting points. In the figures on the
right we show the corresponding trajectories of the particles reacting to these forces. We
see that the pair-forces induced by the transverse beam induce coupled oscillation between
a chosen pair of particles, while the forces conspire to leave the remaining particle(s)
unaffected. The parameters here are v = v9 = 0, I; = I for a) three particles, k1 = ky,
b) three particles, k; = 2 ky, and ¢) four particles, k1 = ky, k2 = 2 ky. The time-scale of
the dynamics here is tg = \/Mnc(1/Y",, I, + 1/Iv). The two particle interactions shown
in a) connect particle one and two, b) particle one and three, and c) particle one and four.
It demonstrates how the single pair-forces can be combined to tailor the coupling between
particles trapped in an additional periodic potential.
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Figure 10.7.: Potential for five particles trapped in an external potential and interacting
via two transverse fields with intensities Iy = Is = Iy, wave numbers k1 = ky, ko = 5/3 ky
and spectral widths 73 = 792 = 0. Red dashed lines show the external potential V' (x),
black points the particle positions. For each particle the respective potential U; y is drawn
in solid red curves between the dashed vertical lines. That is, for example, between the
first two vertical lines we show the potential Uy y if the position of the first particle is
varied while the other particles are fixed at the positions marked by the black dots. The
configuration of particles placed in the first, second, third, ninth and tenth well shown
here is the one minimizing the total potential energy. A configuration where all particles
are in neighbouring wells as shown on the right has a higher total energy.

particles cannot be described by a common potential [64] and the dynamics of the
particles does not necessarily conserve energy as the pump provides for a non-depleting
energy and momentum source. However, to lowest order in particle-field coupling as
considered above, every particle pair has its own relative potential energy Upair(d;;) and
in Eq. (10.9) we gave the potential energy for each particle, if the positions of other
particles are fixed. But changing the position of one particle affects the optical potential
of all other particles.

But of course, for every set of parameters (the number of particles, strength of the
external potential and settings for transverse beams) there will be a configuration of
particle positions minimizing the total potential energy given in Eq. (10.10). For N
particles, this is an N — 1-dimensional optimization problem which is conceptually
visualized in Figs. and [10.8] There we show the sum of the external potential V()
and single particle potentials U; y for N = 5 particles. For the chosen parameters
Fig. ) shows that the lowest energy occurs where the particles are trapped in the
first, second, third, ninth and tenth potential minima (indicated by the black dots).
Comparing this to Fig. [L0.7b) we find that the total potential is not minimized if the
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Figure 10.8.: The same as in figure but with a broad spectral width of the second
transverse beam, v = 0.1 ky. For these parameters we see that the particles minimize
their collective total potential energy if they are in neighbouring wells as shown on the
right hand side. Introducing 2 to the system thus modulates the long-range interactions
between the particles, such that now the configuration on the left is less favourable.

particles are placed in neighbouring wells. The transverse beams in Fig. [10.7| are chosen
with a vanishing linewidth ~; » = 0. But introducing a broad spectrum for the second
laser, v = 0.1 ky, changes the interactions in the far field such that placing the particles
in neighbouring wells gives the lowest-energy configuration, as shown in Fig. [10.8
Such a system thus offers the possibility to manipulate and rearrange particles trapped
in an external potential. Changing the intensities, frequencies and widths of the fields
we can suppress or push the individual two-particle-interactions. These controlled
couplings then give the opportunity to realize a desired energy landscape useful, for
example, in analog quantum simulation or quantum annealing [17; 121} [122].
In a setup where the inter-particle forces are weaker than the strong external potential
V given in Eq. , one can expand the position of the particles around the minima
of the external trap, z; = x? + A; where kva:? = z;7 for an integer z; with z; > 2 if
j > [. One can then write the total external potential as a sum of harmonic oscillators
N N
S V(a) = =3 Vo (1-kpA2), (10.12)
; =

J=1
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Setting 7, = 0 we get for the pair interaction

In | . kr,
Upair(dj1) =~ Z v (sm(|zj — z|mkm /ky) (1 —5 (A — Al>2>

m

+ cos(|zj — 21l Ty Vo (A — A) ) . (10.13)

Tuning the frequency ratios k,,/ky thus allows one to design quadratic or linear interac-
tions between each pair of particles while choosing a finite bandwidth ~,, gives control
over long-range coupling. One can imagine that this might be useful to implement
specifically designed multi-particle Hamiltonians with coupled motional states of atoms

trapped in specific distant lattice sites.

10.5. Conclusions

Cold atoms, molecules or point-like nano-particles trapped along light-guiding nano-
structures constitute a powerful setup to study the physics of collective light scattering
in general and long range light mediated inter-particle forces in particular. Several
experiments have now entered the domain, where the contribution of even a single
particle to the field scattered into and out of the confined modes is significant and
directly observable [52; [123]. So far experiments and virtually all theoretical approaches
have concentrated on the action of monochromatic laser light coupled into single field
modes. In this work, at the hand of a simplified effective model, we theoretically exhibit
the wealth of new possibilities arising from applying a transverse pump field with a
freely designable spectrum. Typically such a multispectral field can be composed by
a set of independent spatially coherent laser beams of different central frequency and
spectral width. Alternatively spectrally reshaped white light sources could be envisaged.
We showed that in the limit of weak internal backscattering the two-particle forces
arising in such a setup can be synthesized from different spectral components each
contributing a component to a Fourier cosine series of the force with an amplitude
proportional to the field intensity scattered into the fiber. Hence, in principle, one can
almost arbitrarily shape the two-particle forces along one dimension and implement
any real symmetric function of distance. As the force is based on coherent scattering

it constitutes a conservative force without significant heating. Hence a generalization
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to trapped quantum particles for the implementation of a quantum simulator with
virtually all to all coupling can be envisaged.
At this point our simplified effective model exhibited very promising results which
have to be confirmed in more realistic models. In particular, implementing the strong
confinement and low temperatures of the transverse motion are very challenging although
some experiments achieved close to ground-state cooling [98]. Thus fluctuations of
the coupling strength should be included. We also have ignored issues of polarization
gradients and chirality, which add technical challenges, but also further enhance the
versatility of the implementations [120; 124].
In summary, although an actual physical implementation is challenging, the forces due
to multimode transverse illumination provide a powerful and very versatile tool to
explore many-particle self-organization, unconventional interactions and possibly also
implement quantum simulations allowing to address individual particles in 1D optical
lattices.

Acknowledgements: This work was funded by the Austrian Science Fund FWF
grants No. F4013 SFB FOQUS and J3703.
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11. Introduction

In this chapter we develop a quantum approach of the model by quantizing the motional
degrees of freedom of the particles. The particles then can be described by quantum
oscillators. In the previous chapter we have shown how the interactions between the
particles can be tuned by designing the shape of the incoming field. This can be used
to simulate any symmetric two-body interaction. As an example we show here how
Coulomb interactions can be simulated in our model. When describing the oscillator

states as qubits we can even implement quantum gates and entangle states.

11.1. Theoretical background

11.1.1. Quantum simulation

The simulation of quantum models is very challenging even for supercomputers as it
needs a huge memory to describe a quantum state. Without any approximation the
memory scales exponentially with the system size [17].

In 1982 Feynman [19] came up with the idea to simulate a complex quantum system by
a simpler quantum device. Quantum simulation, thus, is a very powerful tool to study
quantum dynamical behaviours in quantum systems which can not or only difficult be
studied in the laboratory. In the last few years the field of quantum simulations has
been growing very fast, as there exist a lot of useful applications in physics, chemistry
and even in biology [17].

In quantum simulation one can distinguish between digital and analog quantum simula-
tion. In digital quantum simulation the wave function is encoded by qubits [125] and
universal gates are used to simulate unitary evolutions. In such systems the number of
universal gates can be very high to accurately simulate the quantum evolution [I7; [126].
In analog quantum simulation a good controllable physical system mimics another

complex system. In that case the Hamiltonian of the complex system is directly mapped
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on the simulator system [17].

A simulator system has to be highly controllable. Promising candidates for such systems
are atoms in optical lattices [I27HI30], atoms in cavities [I31H133], trapped ions [134-
137], nuclear spins [I38-140], electron spins in semiconductor quantum dots [I41],
superconducting circuits [142-149] or photons [23; 150-159]. The most advanced plat-
form for analog quantum computing are atoms in optical lattices as it is the only system
where more than a few particles can be controlled for quantum simulation, while for
digital quantum computing trapped ions are the most promising candidate [17 [160].
Quantum simulation can be used to investigate systems which are experimentally
challenging and impossible to simulate classically. Some examples are Hubbard mod-
els [127; 132} [133; [161], spin models [149; [160], quantum phase transitions [127], dis-
ordered [147] or frustrated systems [119; [152], spin glasses [148], superconductivity [162],
metamaterials [163] or topological order [I46; I50] in condensed matter physics, prob-
lems in high energy physics [164; [165], in cosmology [166-168], in atomic physics [169],
in quantum chemistry [I51} I70-172], in nuclear physics [17], the investigation of open
quantum systems [173; [174], quantum chaos [I75; [I76] or interferometry [I55HI5T; 159)].

Universal gates

In quantum computation quantum states are encoded by qubits. Qubits in contrast to

classical bits can not only be in the states 0 or 1, but also in a superposition

) = al0) + BI1), (11.1)

with o and 8 being complex numbers fulfilling |a|* + |5]? = 1.

While in classical computation bits are manipulated by gates, in quantum physics
analogous quantum gates can be defined. Such a quantum gate has to be unitary as
it has to be invertible to determine the input state. A set of quantum gates is called
universal if any unitary operation can be approximated to arbitrary accuracy using only

this set of gates. One such universal set of gates consists of CNOT

1000
0100
: (11.2)
0001
0010
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and single qubit gates. Interestingly any single qubit operation can be approximated by
Hadamard

1 (1 1
S s

10
(o) "

1 {1 0
\/5(0 e”/‘l)' (11.5)

Another example for a universal set of gates is the square root of an i-SWAP gate

phase

and 7/8-gates [125]

"4 <

Usqisw = , (11.6)

o O O =
|

Omsﬁ\“o

SIS

_= o O O

combined with single qubit gates. A CNOT gate can be implemented by this entangling
gate in the following way [177]

Ucnor = Ry(—7/2) @1 R(7/2) ® Ry(—7/2) - Usqisw - Ra(m) @I+ Usqusw - Ry (7/2) @1,
(11.7)

with I the unity matrix and R, R,, rotations around the z or y-axes.

Note, that although a universal set of gates can be used to implement any unitary

operation, most unitary transformations can only be implemented very inefficiently.

But according to the Solovay—Kitaev theorem a quantum gate can be approximated

to € error very efficiently by a quantum circuit of O(log®(1/¢)) gates, with ¢ a small

constant approximimately equal to 2 [125].
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A versatile quantum simulator for coupled
oscillators using a 1D chain of atoms trapped near

an optical nanofiber
Daniela Holzmann[[), Matthias Sonnleitner and Helmut Ritsch

The transversely confined propagating light modes of a nano-photonic optical wave-
guide or nanofiber can mediate effectively infinite-range forces. We show that for a
linear chain of particles trapped within the waveguide’s evanescent field, transverse
illumination with a suitable set of laser frequencies should allow the implementation of
a coupled-oscillator quantum simulator with time-dependent and widely controllable
all-to-all interactions. At the example of the energy spectrum of oscillators with simu-
lated Coulomb interactions we show that different effective coupling geometries can be
emulated with high precision by proper choice of laser illumination conditions. Similarly,
basic quantum gates can be selectively implemented between arbitrarily chosen pairs
of oscillators in the energy basis as well as in a coherent-state basis. Key properties
of the system dynamics and states can be monitored continuously by analysis of the
out-coupled fiber fields.

arXiv: 2105.03262

!D.H. performed all of the calculations in this publication, while M.S. and H.R. contributed in an
advisory role.
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12.1. Introduction

Suitably designed laser fields allow one to trap individual quantum particles at well
defined locations and cool them to their motional ground state [9; [I78]. Already
some time ago it has been demonstrated that trapping and cooling is also possible
close to optical nano-structures and, in particular, in the vicinity of a tapered optical
nanofiber [IT]; O8; 124]. Once trapped, the atoms interact with the evanescent field of
light modes propagating within the fiber [124] exchanging energy and momentum. Thus
the light strongly influences the atomic motion in the trap which in turn modifies the
light propagation [57; I79HI8T]. As photons within the fiber propagate over practically
infinite distances they collectively couple to all atoms, which induces all-to-all long-range
interactions [112]. In this way thousands of atoms can be trapped, which leads to strong
collective effects [14].

The individual atom-atom coupling via resonant photon emission by one atom followed
by absorption by a second atom is typically rather small [77; [I82], but it can already
lead to spatial self-ordering of the atoms [I83]. The induced force can be significantly
increased if the atoms are transversely illuminated far off any internal atomic resonance
to induce collective coherent scattering into the fiber [15} [72} [I84]. Here the interference
between the mode amplitudes created by scattering from different particles leads to
gradient or dipole forces, which appear without changing the internal atomic state from
spontaneous emission [I6]. Properties of these forces can be modified by help of two
laser frequencies [80)].

The interactions between the particles depend on the properties of the incoming light
field. With careful choice of laser frequencies and powers almost arbitrary shapes
of interaction forces can be synthesized [I85]. In this work we give examples how
this property could be used for quantum simulation [I7H23]; 29; B0] as well as for
quantum computation. By designing the incoming light field we show, for example, how
the interaction between ions can be simulated, even if they are ordered in 2D or 3D
geometries. In contrast to quantum simulation with ions [I86} [I87] we can even turn
off the interactions between arbitrary pairs of particles. In the second part we describe
the oscillator states as qubits and use this approach to design quantum gates [25} 26] or
produce entangled states [24} 27 28].
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Figure 12.1.: Sketch of our system: IV particles are confined in homogeneous traps next
to a nanofiber. The particles are illuminated by multi-color transverse pump fields and
scatter light into the fiber. Interference of the scattered fields in the fiber leads to effective
forces between the particles.

12.2. Materials and Methods

12.2.1. Tailored coupling of the quantized motion of a trapped

atom chain

In this work we consider N particles, typically atoms, molecules or nanospheres, har-
monically trapped at predefined positions along an optical nanofiber. As depicted in
Figure [12.1], these atoms interact with the evanescent field of the propagating nanofiber
modes. Additionally, the particles are transversely illuminated by pump fields of tunable
frequency. Each particle thus coherently scatters light from the pump fields into the fiber,
where it interferes with light scattered by other atoms. The particles thus redistribute
the field along the fiber which leads to effective interactions and forces between the
particles. The interaction created by each frequency component of the pump light is
long-range and depends on the distances between pairs of particles on the wavelength
scale. Hence displacing one particle changes the overall fiber field and thus the forces
acting on all other particles.

Similar long-range interactions and forces have been discussed already in a pioneering
work by Chang et al. in [I5]. There the focus was on resonant excitation and radiation
pressure induced by internal transitions of an atom coupled to the waveguide. In line
with our previous work [I85] we will here allow for a very general form of mechanical

interaction between the particles which can be achieved via frequency shaping of the
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illumination light.

In our model the transverse pump field is a sum of many plane waves with different
intensities and frequencies. We assume that the different spectral components are
sufficiently distinct such that the interference terms are negligible as the individual
components are spatially but not time-coherent and interactions average out in time.
The effective pair forces between the particles in such a system can be calculated using
a beamsplitter matrix model describing all the scattering processes by the particles [16].
Note that the particles in principle also back-scatter a fraction of the field propagating
in the fiber. But since this contribution is typically very small and we assume weak
coupling of the particles to the fiber field [I5} [185] such that each particle reflects only
a tiny fraction of the propagating fiber fields. Hence we neglect back-scattering effects
and assume that the force on the particles arises solely due to interference effects of
the fields scattered into the fiber from the transverse pump. This assumption generally
works well for small particle numbers, but for large system sizes even a small reflection
by each particle can lead to significant collective effects [9].

Within this approximation the radiation force I} on a classical particle at position z;
can be written as a sum of effective two-particle forces fpa.i(2;, x;) between this particle

and all the other particles at positions z; [I85]

.
—_

N N .

Oscly cos (k (x; — x;)) sign(z; — x;)

Fy =3 foanlziszy) =) — 2 (12.1)
i=1 —

i =

~
<

with N the number of particles along the fiber, I} the intensity of the field with frequency
wr, = k/c and oy the scattering cross section between the particles and the beam.

Using this force we define a two-particle potential up,i(2;, ;) such that fpu (2, x;) =
— 0y, Upair (T3, 7;). For a system of IV particles the total potential is thus the sum of all

two-particle interactions

N N 1NN ol
Uiot (%1, - -, TN) = 2 Zzupair(xu%) = 5222 ok sin (klz; — ;). (12.2)
j k

It is clear that any translation of one particle changes the light field along the fiber
and thus the optical potential seen by all the other particles. The same result can be

obtained following the model of Chang et al. [I5] by taking the weak scattering limit
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for far-detuned light. Eliminating the internal excited states of the particles then leads
to the force given in Equation (12.1)).

We studied such a system in a previous work [I85] where we assumed classical point
particles allowed to move freely along the fiber direction. Here we study locally trapped
and very cold particles which requires a quantized description of motional degrees of
freedom.

In the present model we thus consider particles trapped in harmonic potentials centered
at positions ;0,7 = 1,..., N, Uno = SN mwpA? /2, with m the mass of the particles,
wr the frequency of the harmonic oscillator traps and A; = z; — x;9. We assume that
the particles are tightly trapped in transverse direction and linearize the motion along
the longitudinal motion of the particles in Equation around the center of the

harmonic oscillators x; ¢, ; = 2,0 + A;, with kA; < 1. We thus obtain an effective

Hamiltonian
7S ]k’gsc N = 1
H = Z Z Z ( sin k’dlj) (A] — Az) COS (k‘dzj))
k j=1 \i=1
N o 2 2
=S k(AJ4A)8m (kdy; ) + Z ( m;"TA3> . (12.3)
i=1

with d;; = |z;0 — x;0|. We quantize the relative motion of the particles with respect to

the trap centers by setting

A= Yy (a; + af) = o(a: + a}), (12.4a)
. h h

B= iy ol - ay) = o< (al — ay), (12.4b)
2 200

with the oscillator length §2 = h/(2mwr).

Ignoring the constant terms in the Hamiltonian we thus obtain

= H...+ Hyy + H, (12.5a)
N N N
How =Y h (wT 3" Qysin (kdy;) ) =" haala (12.5b)
i=1 j=1 k i=1
N N
=> Y Ky sin(kdy;) a (12.5¢)
j=li=1 &k
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N [j-1
H.. = hz (Z Z e, cos (kd;;) (&j + &; —a; — df)
j=1 \i=1 &
e 2 b2 A A atat
-3y - sin (kd;j) (aj +a;” — a;a; — ajai) , (12.5d)
i=1 k

with Q 1= 0. [y05k/(hc) and €, := o4.I}.00/(hc). Here, H,yn generates force terms in
the time evolution oscillating at the trapping frequency or higher, which typically cancel
out when averaged over one period. Hence we will neglect them later in Section
Effectively they lead to a small displacement of the particles equilibrium and a change
of the effective frequency of the oscillators (squeezing). Hy describes the interactions
between the particles and ﬁ[osc the harmonic potential with shifted frequency @; due to

the interaction of the particles.

12.2.2. Model assumptions and limitations

In our model we assume that the particles are harmonically trapped and we require
that the transverse pump fields convey strong enough particle-particle interactions to
influence the motion of the trapped particles along the fiber direction. At the same
time the fields must be weak enough such that we can neglect saturation effects and
eliminate any particle’s internal degrees of freedom. In the following we study in some
more detail how all these limiting conditions restrict the operating parameters.

The intensity of the light field scattered into the fiber by the particles depends on
the incoming photon energy Aw and flux, the emission rate into the fiber 744, the
effective mode cross section A of the fiber field and the excited state population p... We
approximate the particles as effective two-level systems and operate at low saturation
by choosing large laser detuning A > I' from atomic resonance, with I" the decay rate.
In this limit the excited state fraction is pee & Iy/ (20 (1 + 4A2/T2)) < 1, with I the
intensity of the incoming pump field and I, the saturation intensity.

The emission rate into the fiber depends on the spatial profile of the fiber field determining
the field strength at the atomic position and on the atomic dipole matrix element. A
single-mode fiber carries only the fundamental HE;; -mode. The explicit expression
for the mode profiles are, for example, given in [32]. Here, we assume that the
modes and the atomic dipoles are linear polarized perpendicular to the fiber axis. In

this case the particles scatter the light symmetrically into the fiber. Using Fermi’s
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golden rule the emission rate into the fiber can be found with v4uq ~ 0.13 I', with
I = |d2w?/(3mephic®) the free-space emission rate [47]. Usually g4 for atoms along
a nanofiber is between 0.1 — 0.2 I' [47], but can be tuned up to 0.99 I' for quantum
dots [50; 1] or superconductory transmon qubits [I88]. Recently the coupling efficiency
could be improved for atoms, when using a hole-tailored nanofiber and reached 0.6 I' [48].

The intensity scattered into the fiber by the particles can thus be estimated by

h(.d 1 FLUJ IO/]sat

It = —VguidPee = 5 Veuid x5 o3 - 12.6
kT TeuidPee 9 Ty Teuid T A2 T (12.6)

For a nanofiber with radius » = 200 nm, the fiber cross section area A = 7?7, the
Cesium D2-line w ~ 2.2 - 10" Hz with ' = 33 - 10° 1/s and the mass of Cesium
m =~ 220 - 10727 kg, and a detuning A = 100 I" we find that the intensity scattered into
the fiber is I}, ~ 6.2 - 107" Iy/I,,s W/m?.

To linearize the interaction potential we require a very deep potential such that the
particles are well trapped kA; < 1. With A; = do(al + a;) and &y = /h/(2mwr), this

means

w h
kby = — 1 12.
0 c \ 2mwr < (12.7)
and we find
OB (12.8)
wr 2 2m’ :

Using the parameters for the Cesium D2-line this implies wy > 10° Hz.
Using these requirements we can compare the trapping potential Hy with the interaction
arising from the transverse pump H,ump. Starting from the initial potential H =

ﬁpump + FIT without any expansion

2 1 Sl Oscll . At
H=33 > — = sin(kdy) + 3 hordja;, (12.9)

we find ﬁpump X 0g. It/ (2kc) and Hy o hwy. The scattering cross section can be approx-
imated by the fiber cross section oy ~ A. Inserting the intensity from Equation ((12.6))
and the boundary on the trapping frequency from Equation (12.8)),

hw 4w 8wy 1+ 4A2/T? 8 /w\2 h 14+4A2/T2
o It: ~ = / > () 77/ (12.10)
QS(I;C “VguidPee Vguid I/Isat Yeuid \ € 2m I/Isat
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Using again the parameters for Cesium and setting pe. ~ 1072 and wr ~ 10°Hz we get
the condition fwr/ (0. Ii/(2kc)) > 3.
Assuming tightly trapped particles the interaction strength in the Hamiltonian (12.5al)

is thus limited by
Jsclk5gw ’Yguid[/[sat
Qp = . 12.11
T e S0+ Am) (12.11)

Using the parameters for Cesium as given above we find €, < 10° Hz.

12.3. Results

The Hamiltonian in Equation shows that we can design the effective interactions
between the particles by choosing the intensities and frequencies of the incoming fields
as well as the distances between the trapping positions of the particles. In the following
section we show how this can be used to simulate a system where particles interact via

some specific physical potential of choice. Here as a generic long range interaction we

choose a Coulomb-type 1/r potential. In the later Sections [12.3.2] and [12.3.3| we discuss

how this approach can be used to design quantum gates or how to entangle the motion

of many particles.

12.3.1. Simulating Coulomb interactions between trapped

quantum particles

The Hamiltonian in Equation ((12.5a]) can be used to simulate any symmetric two-body
interaction. In the following example we will use the effective atom-atom interaction
via the waveguide to mimic the Coulomb interaction between ions.

In principle one could tune the light fields to mimic a full Coulomb potential, but since
1/r is difficult to approximate in a Fourier series this would require a very large number
of laser fields. However, if we assume that the ions are also harmonically trapped, we
only have to tune the atom-light interaction to mimic the Coulomb interaction at the
position of the trapped ions.

To simulate the Coulomb (or any other) potential we first linearize it around the
trapping positions, quantize the motional degrees of freedom and then compare the
terms with the Hamiltonian from Equation . Using this concept one can even

map higher-dimensional systems of interacting particles to our 1D-system.
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Figure shows an example, where we simulate the interaction between three ions
distributed along a line by a system of particles along a nanofiber. The Coulomb

potential Vo, of IV interacting ions along a line of charge ¢; at distances D;; is given
by

1 qig;
Veou = ZZ Sreo Dy’ (12.12)

1=1 j#i
Linearizing around their trapping position, quantizing the motional degrees of freedom

and ignoring the constant terms we find for ¢ = ¢; = ¢;.

2

[f—’coul — Idcoulyse + F]coulint + f{coulrwaa (1213&)
1 4q%07 Ata
Heoulyne = Zh ( SreT ; pr | did (12.13D)
VEa ]
- 4q26
coulin. = g ZZ q . &Iy, (12.13¢)
0 4=1 j#;
A 1 X _—2q2(5(’)A At
]’Icoulrwa = 87 ]gl (; DZQJ (aj + a; — a3 — ai)
20
+275 q ( +al? - aja; — a}a})) . (12.13d)
J#i

This Hamiltonian from Equation (12.13al) describes tightly trapped ions interacting via
a Coulomb potential.

To simulate this system with particles interacting via a waveguide we compare the terms
of Heoy with the Hamiltonian from Equation (12.5al). We find that the individual terms

agree if we choose distances d;;, wavenumbers k& and interaction strengths €2, such that:

5 q* B €L

_— == ) = kd; 12.14

Ameghw!n Dzzj ; W cos( j) ( a)
o ¢ Q

—_— = — — kd; 12.14b

2meghw'y ij Xk: Wy sm( i) ( )

Note, that the distances between the particles in our system, d;;, are different from the
distances in the simulated Coulomb system, D;;. Also the harmonic trapping frequencies

wr and w’. can be chosen independently.
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For given distances d;; and frequencies k; = ko + [Ay, Equations (12.14) become a set
of linear equations for the interaction strengths €, = €. Choosing Dis = D as a

reference we define an interaction strength Q) such that

2512 0
oy 1 Q
—_— = — 12.15
2reghwl, D3 wyp ( )
Equations ((12.14)) then simplify to
D3 €]
o) O
=——Y =—cos((ko + [Ar)d;;), 12.16a
o 2 i i oo+ 18, (12162
D3 Q.
BT =" gl; ﬁl sin((ko + [A)dy;). (12.16b)
ij

These equations form a linear system of equations for the interaction strength depending
on the intensities of the incoming fields. Consequently, we have two equations for every
different distance D;; and thus need the same number of fields. One way to solve this
system is to assume that the particles are equally distributed with d; ;11 = 3X¢/8 and
then choose the frequency spacing Ay, such that the intensities I are positive. Although
the fiber system is a 1D-system, one could even map 2D or 3D-systems on it. In this
case we have N - Np oscillators, with N the number of ions and Np the number of
dimensions. And in general this means we also need N - Np particles in the simulation.
Here the first NV particles correspond to the interactions between the ions in the first
dimension and the second N particles to the interactions in the second dimension and
SO on.

Figure shows three ions arranged in an equilateral triangle. In this case we have
Np = 2 dimensions and N = 3 ions and thus need six particles along the fiber. The

Coulomb potential then is given by

N
1 qiq;
Viow = , (12.17)
cou ; ; 8meg /D%z + ngy

with Dj;, and D;;, the distances between the ions in x and y-direction and D?j =

Dl-zjz + ijy. Here we have to linearize in the x as well as in the y direction. We assume

120



12.3. Results

di> das
Veouit2 Vcoulz% —)5 Ui Uz3
S. o Vcoul13 _-" <. Uis -

S _—_——_-

0.8

S —_——_-

1.6
0.7 141"
= 0.6 S 1.2
5 031 é 1.04°
S04y C ~og{
| .
T 0.3 = 0.61{= -
3 . £ 0.6 .
[a— 1 o wig » .
G 0.2 . . S 0.41 = - -
0.1 - .7 . 021 o« " g = =
- - - * L . [ =
00—0 ® @ I ® : : H e ; 0.0 1= S — - ; l I T I I !
10 15 20 75 10 15 20 25 30
EOID k()D

Figure 12.2.: We map three ions along a line, which interact via the Coulomb force
separated at a distance D on a system of particles along a nanofiber, with distances dis
and doz. This can be done by finding the right distances, frequencies and interactions
strengths to solve Equations . The lower figures show the eigenenergies of these
three harmonically trapped ions with Coulomb repulsion (blue) in comparison to particles
trapped along the fiber with simulated interaction (red) as function of the distance between
the interacting particles. In the simulation the particles are trapped along the fiber at
fixed distances dj2 = da3 = 3/8 A\ and the pump laser parameters are adjusted to mimic
Coulomb interaction at arbltrary distances between the ions. We use Ay, = 0.7 ko and
0.744+1.4 koD w1th ko = k050/50 We deﬁne Q/wT in a way so that  every Ql/wT < 0.004
is restricted as required by Equation (12.11). So Q/wr = Max(;/Q)/(0.004kyD)?. The
figure on the left side shows the energies corresponding to the first oscillator state and
the right figure shows the energies corresponding to the second oscillator state.
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that the oscillators in « and y directions have the same trapping frequency w’.. To
reduce the number of equations, we here ignore the fast oscillating terms ﬁcoulrwa and
find

A

f{coul - ~coulOqc + ﬁcouhnm (12183)
1 A¢° 57 << 2 [ > ]
cou h Dy, — -Dj; a; Ai
losc Z (wT 87T€0h ; DZE)] 1)z 2 1)y alxa x
1
+ (D?jy - 2D?jz> diy&¢y> : (12.18b)
A 4q2512 2 2\~ 2 Lo\ ot s
Hcouhnt = 87T€0 Zl g ((Dljz - §D ) a; ajz + (DU B §D1J ) alyajy
=1 j#i
3
QD%D% (a aj, +a;,a ; — azzaj — aT aiy)) ) (12.18c)

Defining an interaction strength (~2, D = Dq5 and k; = kg + [A, as in Equation ((12.15|)

we have to solve the following 15 equations

D? s 1., O
D3 (Dm - 2%@) == Xl: a sin((ko + [Ag)di,j. ), (12.19a)
D3 1 Q
Dy, <Dz2m, - 2D3h> = ; ﬁl sin((ko + 1A)d;, 5, ), (12.19b)
3 D? Q
b) D3 —5 Dij. Dij, =Y ﬁl sin((ko + [Ax)d;,j,), (12.19¢)
]
3 D3 Q
Z 9 D5 75 Dija Dij, = — Xl: ﬁl sin((ko + lAk)diziy)- (12.19d)
J

A special feature of such a mapping is that the interactions between specific pairs of
particles can be individually tuned or even turned off as in Figure [12.3] for the particles
at the bottom of the triangle. This allows one to implement any graph of interacting
particles. Obviously such systems could not be implemented with actual ions. To show
the validity of this mapping we calculate the eigenenergies of the waveguide system and
compare them with the original Coulomb system (cf. Figure for the ions along a line
and Figure for the ions ordered like a triangle). The energy levels of the oscillators
split up due to the interaction between the particles. As long as the tight-binding

condition for the ions is met, we find excellent agreement for all three systems. Note
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Figure 12.3.: We simulate the Coulomb interaction of three ions arranged in an equilateral
triangle by a 1-D particle chain along a nanofiber. The first three particles correspond to
the interaction in x-direction, while the next three particles correspond to the interaction
in y-direction. In Fig. we also show an example where the interaction between the
ions number 1 and 3 is turned off.

that the frequencies to solve Equations (12.16)) and (12.19)) are distributed over a large
spectrum between ko and 3.8 kg and ko and 5.3 kg, respectively. But other methods to

solve the equations might avoid this issue.

12.3.2. Bipartite quantum gates between distant particles

In the previous section we showed how changing the distances between the traps or the
intensity and frequency of the incoming light fields allows one to tailor the interaction
between the particles. Here we demonstrate how this can be used to design quantum
gates.

Writing the Hamiltonian from Equation ((12.5a)) in an interaction picture we find that
the terms o @;, a] oscillate with @; and the terms oc a2, a2, a;d;, &}&I oscillate even
with 2@;, while the terms o &}&i, &;&j do not oscillate. The rapidly oscillating terms
average to zero and thus the Hamiltonian of Equation simplifies to

N N N
= ZZZth sin (k|zjo — xi,gl)a}ai = Z hgija}ai, (12.20)
k

j=1i=1 ij=1
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Figure 12.4.: Eigenenergies of three harmonically trapped ions with Coulomb repulsion
ordered like a triangle (blue) in comparison to particles trapped along a fiber with light-
induced interaction (red) as shown in Figure as function of the distance between
the interacting ions. This can be done by finding the right distances, frequencies and
interactions strengths to solve Equations . In the simulation the particles are
trapped along the fiber at fixed distances di2 = dag = 1/3 Ao, d3qs = A\ and dg5 = dsg =
1/4 Ao and the pump laser parameters are adjusted to mimic Coulomb interaction at
arbitrary distances between the ions with Ax = 0.33 k. Eg and Q/wT are defined as
above in Figure The figures in the upper row show the eigenenergies when all
particles are interacting, while in the lower figures the interaction between ions number 1
and 3 at the bottom of the triangle is suppressed. The figures on the left side show the
energies corresponding to the first oscillator state and the right figures show the energies
corresponding to the second oscillator state. Data values can be found in the appendix in

Table
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Figure 12.5.: Time evolution of the excited motional state occupation for three coupled
particles. The blue line corresponds to the first particle, the orange line to the second
particle and the green line to the third particle. We start from a state [100) where only
the first particle is excited and set the distances to d1o = 3/4 A1, daz = 7/8 A1, ko = 4/3k;
and Qs = 0.82 ;. Choosing these parameters, the interaction between the third and the
other two particles can be turned off, while the first two particles still interact with each
other.

with Qp = 0sIx03/(hke) and g;; = Y, Qxsin (kd;;). Now it is obvious that the
interaction between any particle pair ¢ and j can be turned off by finding frequencies,
positions and intensities such that the coupling g;; vanishes. This is very important for
gates as they should only act on special and not on all particles.

Figure shows an example for three particles, where only two particles interact.
Choosing the distances and frequencies with k; = kg + (A with Ay < ko, we have to
solve N(N — 1)/2 equations, with N the number of the particles in the system and,
thus, need N(N — 1)/2 frequencies and intensities. Note, that the distances have to be

chosen such that they are different for interacting and non-interacting pairs.

Using the two lowest oscillator states as qubit basis

The simplest way to map the harmonic oscillator to a qubit-system is to consider only
the ground |0) and first excited state |1). As the Hamiltonian from Equation ((12.20))
is o a}ai the resulting dynamics do not leave the subspace of these two states. For
the basis (|0)|0), [0)|1), |1)|0) and [1)|1)), the states evolve with the time-evolution
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operator U(t) = exp(—iHt/h),

1 0 0 0
0(t) = 0 c.os.(Qgt) —isin(2gt) 0 (12.21)
0 —isin(2gt) cos(2gt) O
0 0 0 1
which is equivalent to a mapping
|0)[0) — [0)[0) (12.22a)
|0)|1) — cos(2¢t)]|0)|1) — isin(2gt)[1)|0) (12.22D)
|1)|0) — —isin(2¢t)|0)|1) 4 cos(2¢t)|1)|0) (12.22¢)
11)[1) — |1)]1) (12.22d)

In this case the states |0)|0) and |1)|1) are not affected by the interaction, but we see
oscillations between |0)|1) and [1)]0).
After an interaction time such that gt = 7/4 4+ 27n, n € Z, U(t) changes to

1 0 0 0

A 0 0 —i 0

Deconn — 12.23

SWAPT g i 0 0 (12:23)
00 0 1

This corresponds to an i-SWAP gate, which swaps the states of the two particles and
introduces a phase, if the two particles are in different states.

Similarly the square root of an i-SWAP-gate (SQiSW) can be implemented by choosing
gijt = /84 mn, n € Z. Then U(t) changes to

S

Usqisw = (12.24)

o O O =
|

= E\N.E\H o

SN

_= O O O

USQiSW is a universal entangling gate and any quantum computation can be implemen-

ted using only single qubit rotations and the SQiSW-gate [177]. However note that
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single qubit rotations cannot be implemented in the formalism described here as every
interaction changes the state of (at least) two particles. One would thus need a separate

mechanism to rotate the state of each particle individually.

Coherent states as computational basis

As our individual quantum systems are oscillators we can go beyond the two-state
approximations and also use higher excited motional states as computational basis. One
particularly useful approach, which has been put forward and intensively studied for
photons, is the use of coherent states as qubits. Typically the computational basis is
then a pair of coherent states | — ), |+ «a) [I89-192],

e \ (12.25)
KPR
with complex amplitude «. Although the two states are not perfectly orthogonal, the
overlap between | + «) and | — «) is negligibly small for sufficiently large |a|. For
example,

[(4a| — a)]? = e4oI* ~ 0.018, (12.26)

for amplitudes as small as = 1. In this basis quantum calculations can be performed
relatively loss and fault tolerant [191] and it turns out that all relevant two qubit
interactions can be based on the so-called beamsplitter coupling between two sites [192].
The interaction is then simply given by U(t) = exp (i0/2 (&J{dg + &1@)), with 6 the
polarization angle between the two interacting beams. It turns out that this is just the
dominant term of light scattering interaction (12.20) which can be well controlled in
strength, time and space.

The subset of coherent states {|a)|a/)}, with |a] = |&/| evolves as

ety = |a cos (gt) + ia’ sin (gt))|o’ cos (gt) + iasin (gt)). (12.27)
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such that

—a) = | — )| — eY'a) (12.28a)

) = | — e a)|e ) (12.28b)
—a) — ]e )| — e ) (12.28c¢)

) — |ea) e a) (12.28d)
A more detailed calculation of this evolution can be found in the Appendix [12.5.2] As
discussed in [I91], this evolution corresponds to a beamsplitter interaction for photonic
states. There it is also discussed that one can use this and a single-qubit rotation to
implement a CNOT gate.
In contrast to what we found in Equation ((12.22)), we here see that the state | — a)| — )
can be flipped to | + )| + ) and vice versa. Note also that the coherent qubits evolve
outside the subspace {| + a), | — a)} for gt # nr.

12.3.3. Entanglement propagation via controlled long-range

interaction

The discussion above focused on entangling any two particles in a larger system using
quantum gates realized by two-particle-gates. Here we shall briefly investigate how a
larger number of particles can be entangled.

If we only have a single pump field of frequency ko and put all particles at equal distance
nwkgy, with arbitrary integer n, then no particle will interact with any other particle
as sin (kod,;;) = 0. If we now displace one particle by ¢ # nmky, this particle starts to
interact with all other particles, but there are still no direct interactions between the
remaining particles.

But as shown in Figure [12.6] this is sufficient to create an effective all-to-all interaction.
There we have three particles where the first and the second particle do not interact
directly, but both interact with the third particle.

This is demonstrated using the mutual von-Neumann entropy,

128



12.3. Results

von — Neumann — entropy
© o o o ©°o o o
[l N w E- (% (=3 ~
f , )
x

o
o
!
%
@

Figure 12.6.: Entanglement buildup for three coupled particles as a function of time
with dia = A\o/2 and da3 = (1/2 + 0.1) g for the initial state |001). The two curves show
the entanglement entropy of the subsystem containing particles 2 and 3 (blue) and the sub-
system containing particles 1 and 2 (yellow). So, the blue line describes the entanglement
between the subsystem containing particle 1 and the subsystem containing particles 2 and
3, and the yellow line between the subsystem containing particle 3 and the subsystem
containing particles 1 and 2. (A) corresponds to the state 1/1/3 (|001) — 7]010) + |100)),
(x) to the state 1/4/2(|01) — |10))|0) and (+) to the state % (—]001) + ¢|010) — 4]100))
and () to the state —|001).

with p; being the reduced density matrix of the subsystem 1.

In the left plot of Figure we start with a pure state, |[001). But after a time such
that cos (2\/591 sin (kQ) t) = 1/4/3, indicated by the triangle, all three particles are
entangled. Later, at the time indicated by the (), particle one and two are maximally

entangled with each other, but disentangled from the third particle.

12.3.4. State read out via the outgoing fiber fields

In the previous chapters we discussed how the motional states of the particles can be
manipulated, but how would such a manipulation be measured?

The fields leaving the fiber at the left and right edges contain information about the
states of the particles in the system and by measuring the outgoing intensities one can
determine the states of the particles.

Following the beamsplitter matrix formalism introduced in [16] we find for the amplitudes
of the outgoing fields to the left F_(x;) and to the right E, (zx) of a system with N
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particles ,

N
E_(x Z ,/ k(zi=e1) (12.30a)
=1

E. (zy ,/ Koy =) (12.30D)
i:l

As the particles are well trapped we can linearize these amplitudes as we did for the

Mz

Hamiltonian and find

ZZ ( ik(z;—x1) + Zl{?6 elk(% x1) ((l + CL — al — CLJ{) (1231&)

k i=1
szégeik(“_xl) (&i + &j- — a7 — aJ{) ) ,

=3 Z (ei’f@N*mf) +ikdoe™N ) (ay +aly —a; —al)  (12.31b)

k=1
—§k25§ei’“(”_“) (a + aly —a - aj)Z) .

This way we can calculate the expectation vales for amplitudes and intensities for any
given particle state.
Figure shows an example for the outgoing intensity expectation values for three
particles. It confirms that the outgoing intensity depends on the states of the particles.
Here, the states |100) and |011) cannot be distinguished in the left outgoing intensity,
I_, but they can be distinguished in [,.
In Figure [12.8] we plot the outgoing intensity for the initial conditions as above in
Figure [12.6] From the outgoing intensity we can learn which particles are entangled

and which are not.

12.4. Discussion

Mechanical interactions of particles trapped in the vicinity of an optical nanofiber can
be controlled in a versatile form by choosing the properties of incoming transverse pump
light. Using spatial and spectral light shaping of the illumination lasers the interactions
between the particles can be tailored to simulate a wide class of interaction potentials

between the particles.
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Figure 12.7.: State-dependent light intensities emitted from the fiber to the left 7_ and
to the right I, for a system with three particles. Here the distance between the first two
particles stays constant with dio = Ag, while we vary the position of the third particle.
Red lines correspond to the ground state |000), blue lines to the a single excited state
|100), green lines to a doubly excited state |011) and purple lines corresponds to the state
|111). Note, that in the left figure the green and blue line overlap.
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Figure 12.8.: Average output power /_ emitted on the left side of the fiber and I, on
the right side for a system of two particles as a function of time. The initial condition is
the same as in Figure We start with the state |001) and the particles are placed at
a distance dijg = 1/2\g and da3 = (% +0.1)A\g. The blue line corresponds to the outgoing
intensity to the left side (I_) and the purple line to the (constant) outgoing intensity
to right (I1). (A) corresponds to the state % (]001) — 4|010) + ¢|100)), (%) to the state

75 (101) = 10)] 0), (+) to the state —= (—[001) + i[010) — i[100)) and (-) to —|001)
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Here we studied the low temperature limit using a quantum mechanical description of
the particle motion along the fiber direction at the trap sites and couple the particles
via a nonlocal interaction through collective coherent light scattering into the fiber. We
demonstrate that this system can be used to simulate, for example, Coulomb interactions
between harmonically trapped particles with high precision. The idea can be extended
in a straightforward manner beyond linear equidistant chains to effectively mimic a very
general class of geometries including 2D-configurations. Using time dependent laser
illumination one can even turn on and off specific interactions between arbitrary particle
pairs simultaneously. By monitoring the spectrum and intensity of the light scattered
out of the fiber ends ample information on the particle motion can be extracted in a
minimally invasive way.

As another natural application the system offers variable possibilities to design two-qubit-
gates, using not only oscillator eigenstates but also coherent states as computational
basis. The virtually infinite range of the fiber mediated interaction should allow to
implement larger systems of many qubits, without the requirement of closely spaced
trapping sites allowing independent pairwise addressing control of quantum gates.
As generic examples we studied the preparation of multi partite entangled states by
placing the particles at specific positions with respect to the illumination lasers. Again,
monitoring the outgoing intensity at the fiber ends allows to continuously determine key
properties of the collective motional states of the particles with minimal perturbation
of the entanglement properties.

Although in our example we used a very simplified model system, it provides strong
evidence that fiber coupled atoms could be a powerful, very versatile and scalable
tool for quantum simulation as well as quantum computation. Certainly there are
technical challenges to be met as e.g. ensuring sufficient radial confinement and cooling.
In a more precise model one should also include back scattering inside the fiber and
chirality related scattering control [55H57} [193; 194]. This on the one hand could be
very challenging to calculate but on the other hand a very promising extension towards

even further control possibilities of this system.
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12.5. Appendix

12.5.1. Data values for Figure

Here we list the distances, frequencies and interaction strengths used to create Figure[12.4

for different shapes of interacting ions.

0/
01/
0/
3/
04/
05/
Q6/Q
07/
s/
Qy/Q
Q1/92
01/
12/
Q15/Q

Triangle

251.5
643
280.5
72
0
666.2
1149.7
754.3
104.7
115.5
591.3
724.8
392.4
81.2

Table 12.1.: Data values for Figure m
Triangle with suppressed interactions

2514
642.6
280.1
72
0
665.8
1149.1
754.3
104.8
115.3
590.8
724.5
392.4
81.3

12.5.2. Time evolution of the coherent states

In this section we go into more details on how the time evolution of coherent states

|o)|a)

O(t)]a)|ay = e7oH(@b+8182) 1) /), (12.32)

with «, o taking values of +« can be calculated.
Using the definition of a coherent state, the facts that U(¢)]00) = [00) and that U(t)

is unitary, we can rewrite this equation

Ut)eyla’) = e

m%::O V m!n!

(Owaltt®)" (Tmaiv!e)" 00). (12.33)
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A

To evaluate B;(t) := U(t)alUt(t) we use
= Bi(t) = igU(t) [alay + anad, af] UF(t) = igA;, (12.34)
for j # i. The solution of this system of differential equations is

A; = al cos (gt) + za sin (gt) . (12.35)

This way the sum in Equation (12.33)) can be rewritten to

m/n

> S (af cos gt) + absin (90) " (ia] s g1) + 2} cos (90)” 00)

m,n=0

_ ea(&I Cos(gt)—s—i&; sin(gt)) ea’(iai sin(gt)-l—d; cos(gt)) |00>

_ edJ{(a cos(gt)+ia/ sin(gt))ed;(o/i sin(gt)+a cos(gt)) |00> (1236)

As e~ liasin(gh)+acos(91)|0) = |0) and the displacement operator is defined as D (o) =
e*‘o‘|2/26aﬁe*a*a, with D («) |0) = |) we find the desired result

U(t)|o)|a’) = Dy (eccos (gt) + ia’sin (gt)) D (o cos (gt) + iacsin (gt)) ]0)[0)
= |acos (gt) + ia’ sin (gt))| o’ cos (gt) + iasin (gt)). (12.37)
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13.1. Approximation of the eigenvalues and

eigenvectors using perturbation theory

The transverse pump field only has a tiny effect on the particles in the deep harmonical
oscillator trap. So let us treat this effect as a small perturbation. As we exactly know
the eigenvalues and eigenvectors of the harmonical oscillators we can use perturbation

theory to approach the eigenvalues and eigenvectors of the whole system.

13.1.1. Perturbation on the ground state

The ground state of the harmonic oscillator Hamiltonian

Hy =Y hwrala, (13.1)

is the Fock state |¢°) = QX , |0) with eigenvalues E° = 0 [195].
The Hamilton operator describing the perturbation is

j=1 \i=1 k

N [j-1
H, = Z (ZZek cos (kd;;) (aj + a} —a; — ag)

N

1
=Y Qysin (kd;;) <a}aj - a;ai + 5 (a? + &}2 — aja; — a}aj))) . (13.2)
i=1 &

So it follows

H:H0+/\H1, (133&)
Hn) = Ey|n), (13.3b)
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with A a small real parameter so that Hy < AH; and eigenstates and eigenvalues of H,
|n) and E,.

For the perturbation in first order of our model we find

E) = (¢°|Hi|¢") =0, (13.4)

(m°|Hilg°)
ity = 3 )
m#n n m

——Ziz%mwmﬁ®mm%—®mmﬂ

=1,l#j 1=1,li

+ZZZWMW“@5®MWW—®\MMW)MQ

k 4wp I=1,1#] I=1,1#i,j

s [{m?[Hy|n")[* °|H1|n )W
m#n
N 7j—1 N 2
Z Z epcos(kdij) — Y > e cos(k:dij))
]:1 i=1 i=j+1 k
B N /N 2 N -l
-y (ZZkam kdw> -y (Zkam k:dl]> . (13.6)
=1 \i=1 k j 1:=1

The perturbation in first order leads to new excited states, even to doubly excited states,
and the eigenvalues in second order to a small energy shift compared to the oscillator

potential.

Let us discuss this perturbation for two particles

S Qe sin(kd)
4wT

In) A [00) + > €k cos (kd)
w

(]10) — [01)) + (V2 (120) + [02)) - 2[11)),

(13.7)

and

E, ~ —j’T (2 (zk: €x cos(kd)>2 + (2}; Q. sin(k;d))z) : (13.8)
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As the two particle case is the simplest one we can use it to discuss how the transverse
pump affects the system. By changing the distance d and using several frequencies we
can manipulate the states of the particles. As Y € cos(kd) is just the cosine-part of a
Fourier series we can generate several symmetric functions by using special intensities
and frequencies. Then the part Y-, Q. sin(kd) is just the derivative of this Fourier series.
So these two parts can be tailored by choosing a function which has the needed values
at a special position of the function and of its derivative. We can adjust every pairwise
interaction by choosing 2 (ZiN:_ll i—(N— 1)) frequencies and the distances between

the particles.
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Forces and self-ordering of
nanoparticles moving on multimode

optical fibres
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14. Introduction

Up to now we have only considered single mode nanofibres. When also allowing higher
order modes to propagate along the fibre the coupling between the fibre field and
the particles is enhanced and the individual particles can be controlled easier. As a
consequence we then also have to consider scattering between different modes. Such
scattering processes can be described by a tritter scattering-matrix approach [196]. The
scattering between the different fibre modes can even induce a stationary tractor force
against the injection direction when directly launching light from one direction into the
fibre.
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Nonlinear force dependence on optically bound
micro-particle arrays in the evanescent fields of

fundamental and higher order microfibre modes

Aili Maimaiti, Daniela Holzmannﬂ Viet Giang Truong, Helmut Ritsch and Sile Nic

Chormaic

Particles trapped in the evanescent field of an ultrathin optical fibre interact over very
long distances via multiple scattering of the fibre-guided fields. In ultrathin fibres that
support higher order modes, these interactions are stronger and exhibit qualitatively new
behaviour due to the coupling of different fibre modes, which have different propagation
wave-vectors, by the particles. Here, we study one dimensional longitudinal optical
binding interactions of chains of 3 um polystyrene spheres under the influence of the
evanescent fields of a two-mode microfibre. The observation of long-range interactions,
self-ordering and speed variation of particle chains reveals strong optical binding effects
between the particles that can be modelled well by a tritter scattering-matrix approach.
The optical forces, optical binding interactions and the velocity of bounded particle
chains are calculated using this method. Results show good agreement with finite
element numerical simulations. Experimental data and theoretical analysis show that
higher order modes in a microfibre offer a promising method to not only obtain stable,

multiple particle trapping or faster particle propulsion speeds, but that they also allow

!'D.H. and H.R. carried out the theoretical analyses in this publication, A.M. did the experiment,
A.M. and V.G.T contributed to the experimental data analyses and the numerical simulations,
S.N.C. and H.R. contributed in an advisory role.
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for better control over each individual trapped object in particle ensembles near the

microfibre surface.

Scientific Reports 6, 30131(2016) d0i:10.1038/srep30131
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15.1. Introduction

15.1. Introduction

Optical trapping with a tightly focussed laser beam was first reported by Ashkin et al. [3].
Following this early work, optical tweezers have been widely used and further developed
to provide stable trapping and manipulation of small objects [197]. Shortly after Ashkin
et al’s pioneering work, the self-ordered distribution of particles in the maxima of an
optical lattice formed by the interference of up to five beams was demonstrated by Burns
et al. [92]. This multi-particle self-arrangement was attributed to the electromagnetic
field redistribution caused by each particle due to the presence of neighbouring particles.
The observed effect was termed “optical binding”. More than a decade later, the
observation of long-range, one dimensional (1D) longitudinally optically bound chains
of microparticles in the field of two weakly-focussed counter propagating Gaussian [198]
and non-diffracting Bessel beams [199] was reported. In those works, the net scattering
force from each beam was cancelled out and the coherently scattered light from each
trapped particle interfered to create attractive or repulsive forces between the particles.
The balance between these forces of the dispersed particles caused them to re-arrange
their positions with preferential interparticle spacings that were roughly equal to several
times the particle diameter. Following this, there have been many theoretical and
experimental studies explaining this scattered field interaction with regard to dielectric
objects [74; 200-204], cells [205] in free space beams [74; 200; 201], as well as in the
evanescent fields of prisms [202}; 203] and waveguides [204-206].

Unlike a 3D optical binding geometry - where the interaction between the trapped objects
rapidly decays with distance - long-range, strong binding interactions can be realised if
scattered polarisable particles are spatially confined in a 1D geometry [69]. In certain
circumstances it could provide ultrastrong and self-consistent traps for small particles,
or even atomic ensembles, if the light fields are optically confined to resonators [70] or
waveguides [I5} [16]. Along with the use of prisms to generate evanescent fields, optical
micro/nanofibres (MNFs) are attractive alternatives [207-209]. The tightly confined
optical fields at the waist regions of MNFs make them distinctly valuable for a wide
range of applications such as propelling dielectric and biological particles in liquid
dispersion [210H212], particle sorting [213] and cold atom characterisation, trapping
and detection [34}; 214-217].

Recently, Frawley et al. reported on optical binding of silica spheres on the surface of a

nanofibre [I14]. The discussion focussed on how a fundamental fibre mode (FM) can
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interact with surrounding objects, causing mutual interactions between them. There
have been several theoretical proposals on using the first group of higher order fibre
modes (HOMs) for particle trapping and detection, particularly in relation to cold
atoms [218-221]. Here, HOMs imply the coexistence of true TEy, TMy; and HEyj, .
modes of a fibre, also referred to as the first order linearly polarised (LPj;) mode
family. Preliminary experimental studies on the interaction of nanofibre HOMs with
cold atoms [222] and particle manipulation [223] have been published. These works
illustrate the advantages of HOM-supporting MNFs, such as achievable higher field
amplitudes, larger field extensions from the fibre surface and a larger fibre taper cut-off
diameter compared to that needed for FM propagation. Most importantly, the 3D
geometries that can be obtained from the interference of co-propagating HOMs and
FMs could facilitate studies in the retrieval and storage of orbital angular momentum
of light in atomic ensembles near an MNF surface.

While previously published work has shown that the speed of single particles for HOM
compared to FM propagation is increased [223], our recent study on two-particle binding
in a HOM [224] field manifested new phenomena - the speed of two coupled particles
and their inter-particle distances are clearly different from those of the fundamental
mode case.

In this work, we study the dynamics of longitudinal, self-ordered structures of dielectric
microparticles under the influence of the FM and HOMs of a 2 um tapered fibre, both
theoretically and experimentally. The first group of HOMs, which corresponds to the
LPy; mode family, was generated by launching a first-order Laguerre-Gaussian beam
(LGo1) into a suitable fibre. The LGg; beam was formed using a spatial light modulator
(SLM). With the assistance of a custom-built optical tweezer it was possible to trap and
move a fixed number of particles to the fibre. Particle speeds and inter-particle distances
were compared for each chain. Additionally, the experimental data is supported by
analytical and numerical analyses based on an intuitive three-mode scattering-matrix
model for large particle ensembles on the microfibre surface. The optical binding forces
on the particles for the HOMs and the FM are also verified using the full Maxwell stress

tensor method.
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15.2. Theoretical Analysis

15.2.1. Scattering-matrix approach and forces acting on

multi-particle trapping

In order to calculate the optical forces acting on the particles, one first needs to calculate
the E-field surrounding them by solving the scattering problem and then use these fields
to obtain the forces. For this calculation, we first develop a 2D numerical model based
on the finite element method (FEM) to calculate the field distribution and the forces
exerted on the particles. This method of numerical analysis is similar to that reported
in our previous work [114} 223]. Parameters used in this numerical simulation are: the
propagating wavelength, A\ = 1064 nm, the refractive index of the fibre, ngy,e = 1.456,
of water, Nyater = 1.33 and of the beads, npeaq = 1.57. In order to be consistent with
the experimental data, in all simulations the propagating power at the fibre waist was
assumed to be 30 mW. Although this FEM model can be used to investigate the
interaction of the scattering objects and the guided surface modes very accurately, it
requires high performance computing resources even for symmetrical configurations.
Therefore, we use this method to calculate the forces only for the case of a single particle
and two particles. These numerical results are used to precisely determine the mode
propagation loss and mode coupling strengths for the case of several trapped particles
on a fibre surface.

To obtain the scattered field solution for more than two particles trapped in the
evanescent fields of a microfibre, a tritter scattering-matrix approach is proposed [196].
Since the chosen trapped particles are larger than the excitation wavelength, the forward
scattered light from the particles is much stronger than the backward scattering. In
this alternative force calculation method, we make the simplifying assumption that the
backward scattered light from particles is negligible. The physical model consists of N
dielectric particles that are longitudinally bounded along the fibre surface as specified
in Fig. [15.1] Figure shows an example of how the laser light incident from the
left is coupled into the microfibre and represented by the electromagnetic field, E(x),
at a chosen wavelength, A = 1064nm. Here, the particles act as beam splitters with
the input incident beam split into three beams. The sinusoidal orange (A;) and pink
(B;) arrows represent the total incoming and outgoing light fields, respectively. The

white and red arrows indicate the attractive (F,, ;) and repulsive (Fy ;) optical binding
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2 um fibre

Figure 15.1.: 1D array of N particles scattering light under the influence of the HOM
evanescent fields of a 2 um fibre.

Laser light is coupled into the microfibre from the left at a wavelength of 1064 nm.
The power at the waist is P, = 30 mW, F,, (white arrow) and F,, (red arrow) indicate
the attractive and repulsive binding forces; A; (orange sinusoidal arrow) and B; (pink
sinusoidal arrow) are the amplitudes of the incoming and outgoing light fields from the
particles; d is the relative distance between the particles.

forces, respectively. For a particle at position, x;, along the fibre axis, the E-field can

be written as:

E(x) = Ajexp (2 > ky(x— x])) + B, exp (—z’ D> ky(x— x])) ; (15.1)
g=a,b,c q=a,b,c
for y =1 to N and ki = kg, ks, k. represents the complex wave-vector of three forward
scattered modes propagating both inside and outside the fibre surface. When a fibre
mode evanescently interacts with particles, the scattered light can be described by a
wave-vector, k, = k,/cos(cy), where k, is the wave-vector length of the incident field in
the medium surrounding the particles and « is the polar angle between the incident and
the scattered light. The parameter k. is the complex wave-vector component attributed
to the effective propagation lossy modes which penetrate into the surrounding host.
As has been proposed by Schnabel et al. [196], for general three-port beam-splitters, if

the phases are chosen such that the scattering-matrix, M, is symmetric, the complex
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component, B; = M x A;, can be written as

B me' ettt el
Bjp | = | na€™®t mae'®  nge? (15.2)
B; 756’7 e nge',

where 0 < 7; < 1 describes the amplitude and represents the phase coupling. Aj,, Aj
and A, are the incoming field components of the scattered beams on particle j that
allow us to identify the complex outgoing fields Bj,, Bj, and Bj.. The outgoing field
Bj = Bj4, Bj, Bj is then, in turn, used as an input to the neighbouring particle ‘beam

splitter’ via:

Ajora etka(@jt1—25) 0 0
Ajpyr | = 0 eiko(@j+1—2;) 0 (15.3)
Ajc+1 0 0 €ikc($j+1 —;) .

To simplify our calculation, we set the initial transmitted light phase, ¢g, to be zero.
In an effective 1D configuration of bounded microparticles on a microfibre surface, the
amplitudes 7y, 15 and 7g can be assigned to the particles’ scattered mode coupling
strengths between the fundamental and the higher order, the fundamental and the
free-space and the higher order and the free-space modes, respectively. Here we assume
that z; is the effective background scattering that represents the coupling to the lossy
modes. For the unitary condition, M~'M = 1, the transmitted amplitudes can be

expressed as:

n=1-nj—n -2, (15.4a)
m=1-—nj—n;— 2, (15.4b)
m=1—mn2 —ng — 2. (15.4c)

The phases of the scattering matrix, M, can be written as:

1 2,2 2,2 .2 2

¢1 = — arccos (771774 i 7722774 775776) . (15.5a)
2 2n3mmn2 2
1 2,2 2,2 .2 2

¢y = — arccos (774776 i 7721775 773775) ) (15.5Db)
2 2n5mmns
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1 (n%né +n3g — nin%) N g (15.5¢)

(3 = — arccos
2 215213

The scattering force acting on the particle, P;, along the fibre axis can finally be

calculated from the Maxwell stress tensor and is given by:

1
Py = Seoer (14, = B;[*) , (15.6)
where ¢y and ¢, are the vacuum and the relative surrounding medium permittivity,
respectively [74]. In the following section, we investigate the optical binding forces
on several particles trapped along the fibre surface. Out of these, the particle-field
dynamics, numerous stable configurations of particles and the influence of these effects

on speed variations of particle chains are carefully discussed.

15.3. Results

15.3.1. Optical binding forces between trapped particles within a

chain

In Fig. we present the optical binding forces and their corresponding potentials
as a function of the interparticle separation, d, for both the FM and HOM cases. The
position of the first particle, P;, is fixed with respect to the fibre and the scattering
forces are calculated while varying the position of the next particles, P;, along the
fibre axis. The longitudinal optical binding forces can be extracted by subtracting the
scattering forces on the first particle from those on the next neighbouring particles. The
solid and dashed lines in Fig. (a,d) represent the binding forces which are calculated
for a two-particle model based on the FEM and the scattering-matrix methods. These
figures show that the optical binding forces modulate around zero as a function of the
distance between two particles. Positive and negative values represent repulsive and
attractive forces on the trapped particles. A stationary particle order can be achieved if
the repulsive and attractive forces vanish. When using the FEM method, there exists a
short periodic oscillation in the binding forces, where the peak-to-peak distance is close
to A\/2 on both particles P; and P5. Although this effect is very weak, the phenomenon

is more pronounced when the interparticle distance, d, is less than 10 yum. In this case,
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Figure 15.2.: Optical binding forces and their corresponding potentials on two-, three-
and four-particle models.

Binding forces of two particles in the evanescent fields of the FM (a) and HOMs (d)
calculated from both the FEM and the scattering-matrix methods; (b,e) are the binding
forces for three and four particles; (c,f) are the binding potentials of the corresponding
binding forces. The potential is in units of kgT, where kg is Boltzmann’s constant relating
the thermal energy to an absolute temperature T around the trapped particles. The fibre
diameter is 2 pm.

the backward scattered spherical waves from neighbouring particles propagate in the
opposite direction to the incident light and interfere, causing short-period modulations
of the optical forces. Since we neglect the backward scattered light when using the
scattering-matrix method, the observed results are smooth curves with no short-period
modulation of the scattering forces over long interparticle distances.

Table shows the parameters used for the scattering-matrix approach which gave
us the best fit of the optical forces when compared to the FEM method. It is worth
noting that here we assume that microparticles trapped in the evanescent fields of
higher order microfibre modes scatter photons from one mode into another. In this
case, each coupling coefficient, n; and the wave-vector component, ki, introduced in
equations and represent different physical properties. Modifying these
parameters will directly affect the fit of the binding forces, in both their shape and
magnitude, for a given particle in a bounded particle chain at the fibre waist. We first
choose the amplitudes of the incoming fields, A;, to match the FEM force calculations

for a chosen incident power of 30 mW. The wave-vector components, k;, and k., are then
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Wave-vector Coupling
length ratio coefficients 7,
Ky / kq kc/ ko M4 5 UL
Fundamental mode (LP;) 0.9 0.96 0.13 0.1 0.08
Higher order modes (LP;) 0.93 0.86 0.11 0.16 0.09

Table 15.1.: Wave-vector length ratios of the scattered lights, k; and k., to the incident
field, k, (ko = 27/, where A = 1064 nm). The coupling coefficients, 7n;, are used in the
scattering-matrix approach for both FM and HOM propagation in a 2 pym microfibre.

used to fit the frequency oscillations, the peak positions and the damping parameters of
the binding forces (F,, ;, Fy ;). The coupling coefficients, 74, 15 and 7, of the scattering
particles identify the curve shape and slopes of the mean force values and the propagation
lossy modes between the trapped particles.

In order to study the binding mechanisms for large particle ensembles on a microfibre
surface, the scattering-matrix approach is applied. Here, we use the parameters of
Table to calculate the binding forces of three- and four-particle chain formations in
the evanescent fields of a MNF system. The main assumption in these calculations is
that the changes of the mode coupling strengths, 7, and the wave-vector components,
ky and k., among the scattering particles and the microfibre light modes are negligible
when compared to the two-particle case. This is a reasonable assumption since the
transmission loss of the incident beam due to the light scattering from each individual
particle is negligible. If we additionally assume that the relative distances, d, between
the next neighbouring particles within a chain are equal, we can also investigate the
modulations of the binding force on each individual particle over the whole complex,
bounded-particle chains using this very simple model. Figure[15.2(b,e) show the variation
of the binding forces for the end particle of a chain as a function of interparticle distances;
for example, the third particle, P; (black curve) and the fourth particle, P;(red dotted
curve), of the three- and four-particle chains. The binding forces on these end particles
are greater and the oscillations are more frequent if the chain has more particles in it
for both the FM and HOM cases.

Figure (c,f) show the optical binding potentials calculated from the corresponding
binding forces. Several potential well regions are created (indicated by the black and
red arrows) where the particles could form multistable configurations due to these
binding force modulations for both the FM and HOMs. For the two-particle case
(dark blue dashed lines), the periods of the potential depth modulation are 10 pm and
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16 pm for the FM and HOM fields, respectively. The larger stable potential distance of
the HOMs compared to the FM is due to the longer extension of the HOM’s electric
field distribution in the surrounding medium. This first generic observation of the
potential depths and their behaviours is similar to the previous reports using Bessel
beams [199; 201], as well as our earlier work using a nanofibre [114].

It is interesting to note that the FM potential plots for the two-particle case in Fig.
(dark blue dashed line) exhibit shallower potential minima (=~ 200 kgT") at the positions
of 6 pm and 26 pm (black arrows) when compared to the potential minima (=~ 600 kgT")
at the positions of 16 um and 37 pum (red arrows). These metastable positions (6 pm,
26 pm) only create long-range local oscillations of the particles before they eventually
reach the deeper potential wells at 16 um and 37 pm. In contrast, Fig. (dark
blue dashed line) shows that the depths of the HOM’s potential wells for two particles
appear to be similar to one another, at approximately 2,500 kgT', within the studied
range of the interparticle distance. The expected stable interparticle distances for two
particles are at 12 ym and 28 pm (red arrows), which are shorter than for the FM
case. We can make initial conclusions here that a pair of particles trapped in the HOM
evanescent fields in a microfibre system (i) shows shorter stable interparticle distances,
(ii) creates deeper potential wells along the fibre waist and hence, theoretically, (iii)
exhibits stronger optical binding forces between the particles than compared to the FM
propagating fields.

The black and red curves in Fig. (c,f) show the potential profiles of the bounded
three- and four-particle chains. These potential wells exhibit complex patterns with
varying potential minima depths over the large interparticle distance range along the
fibre waist region for both the FM and HOMs cases. We see that the observed shallower
potential wells strongly depend on the particle numbers within the chain and the chosen
coupling strength, ng, which describes the propagation loss outside the fibre. These
shallow potential oscillations disappear when 74 approaches zero.

The shallow potential wells, which cause the particles to oscillate, can be overcome by
thermal activation. The particles would then approach the deeper potential regions. The
stronger binding force observed due to additional particles would also cause the stable
interparticle distances to fall until the new deepest potential well can be created. This
results in closer localisations of the particles with slightly non-equilibrium interparticle
distances in the chain. To confirm this hypothesis, we consider non-symmetrical

conditions where the interparticle distances are not identical. For the three-particle

153



15. Publication

(a) (b)
40 40
S
30 F2 30
’é\ —_
= Q g, SH2
2 20 2 20
g g
3 =
10 A 10
O 1D [
10 20 30 40 10 20 30 40
dpy.p; (1em) dp.p, (um)

Figure 15.3.: Contour plots for equilibrium positions of particles.

Equivalent force lines for a three-particle chain formation as a function of the two independ-
ent interparticle distances in the FM (a) and HOM (b) evanescent fields. Intersections of
these equal force contours indicate the equilibrium configurations but only those denoted
by the blue circles are under stable conditions.

chain calculations, Fig. [15.3|(a,b) show the force lines of the particles, P, and P, as a
function of the two interparticle distances, dp_po and dpy_p3, for the case where the
forces acting on all three particles are equal. Here, the distances dp_ps and dps_p3 are
assigned to the spacing between the particles, P, and P, and to the particles, P, and
Pj, respectively. There are many intersections of these lines where the binding forces
on particles vanish and the equilibrium configurations can be observed.

Although many equilibrium possibilities are denoted in Fig. [15.3|(a,b), we consider that
stable configurations of particles in the chains can only be achieved when they localise at a
potential minimum deeper than the particles’ thermal energy. In addition, the propelling
particles along the fibre surface also increase the particle kinetic motions and hence,
would allow them to jump between the nodes before they approach the deeper potential
minima. Assessing the results in Fig. (C,f) alongside Fig. , we can finally predict
that there are two major stable configurations which are considered the most preferable
locations for the particles. As shown in Fig. (a,b), these two stable configurations
(circled) correspond to the stable positions, Sgi(dp1—p2 = 15 pm,dps_p3 = 16 pm)
and Spo(dpi_ps = 24.5 pm, dps_p3 = 36 pm) for the FM case and the stable positions,
S1(dp1—pa = 16 pm, dpy_ps = 12 pm) and Syo(dpi_ps = 29 pm,dps_ps = 32.5 pm)
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Figure 15.4.: Experimental setup for particle propulsion.
L1, L2, L3, L4: lenses; LP: linear polariser; HWP: half-wave plate; CCD: charge-coupled
device camera; computer. Orange lines represent the free beam path.

for the HOMs case. We notice that, although there are slight shifts of the observed
dp1_po compared to the dps_p3 values for the non-symmetrical configurations, they are
still very close to the deep potential positions, as shown in Fig. [15.2(c,f) for the FM
and HOMs.

15.3.2. Experimental observation

As shown in Fig. [15.4] the experiment consists of three components: (i) LG beam
generation and HOM excitation, (ii) tapered fibre fabrication and (iii) the optical
tweezers (see Methods). A specific number of particles was trapped using a time-sharing
optical tweezer and all were brought close to the tapered fibre simultaneously. As soon
as the particles are released from the tweezers trap, the fibre’s evanescent field propels
them along its axis.

Figure [I5.5]is a micrograph of the particle speed under the influence of the propagating
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Figure 15.5.: Micrograph of inter-particle distance for particle numbers changing from 1
to 5 in particle chains.

(a) Fundamental mode propagation; (b) Higher order mode propagation. The power at
the microfibre waist is P;,;, = 30 mW.

FM and HOM fields extracted from videos of particle motion (see Supplementary Movies
, and as examples). Starting from the first particle, the incident laser
beam interacts with all particles, labelled from P; to Ps. As is clearly seen in the
micrographs, the particles self-arrange along the fibre. The more particles used, the
smaller the interparticle distances between Py, P, and P;. Once the particles settled
at their equilibrium positions, the interparticle distances for each particle pair were
measured.

Any small imperfection on the fibre surface may cause a local acceleration or deceleration
of some particles in the chain. When this acceleration/deceleration breaks the stable
interparticle distance, there is always an attractive or a repulsive kick on neighbouring
particles to compensate the change in position and to return the system to equilibrium.
This self-adjustment of the particle distance was far more obvious for the FM work than
for the HOM studies. When we used HOMs, sometimes the particles were not able to
re-establish their equidistance; as a result, they behaved as independent particles and
left the chain.

As we discussed in the theoretical section, by assuming that the particles localise at the
first stable configuration within the chains and using the values derived in Fig.
dp1_p2, dpa_p3, we plot in Fig. the calculated particle speeds (dashed curves) of
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Figure 15.6.: Speed comparison of particles under the FM and HOMs.

(a) Theoretical data (dashed lines) and experimental observation (solid lines) of particle
speed change with respect to the number of particles for both HOMs and FM. (b)
Theoretical calculation (dashed lines) and experiment (solid lines) of particle speed ratio
between the HOM and the FM cases.

up to four bounded particle chains using the standard bulk Stokes’ drag coefficient,
F = 6rpav, where p is the viscosity and v is the particle velocity. The solid curves in
Fig. [15.6a show the experimental observation of up to five particle formation chains.
We present in Fig. the theoretical and experimental data of the ratio between the
corresponding speed of particles in the HOMs and FM fields. Taking a closer look at
the particle speed ratios, the original speed ratio of 5.5 (experiment) and 5.4 (theory)
for a single particle was found to have approximately halved to 3 (experiment) and 2
(theory) for four particles. Even though theory and experiment show some discrepancy,
it is clear that they are somewhat in agreement.

In the case of FM propagation, changes to the particle speeds were slow, but the plot
shows a clear trend towards higher speeds with increasing particle number. This is
consistent with predictions in previous works [114}; [204]. However, this increase has a
saturation limit and the particle speed tends to be constant after five or six particles.
Consequently, the binding between spheres was found to be weaker. Interestingly, in the
case of HOM propagation, this speed trend was opposite to that observed for the FM
propagation. The more particles present, the slower the observed particle speeds. The
particles’ kinetic motions sometimes allow them to escape from the stable configuration.
The interparticle distances between neighbouring particles in various lengths of particles
chain are given in Fig. for the FM and HOMs. The experimentally obtained
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Figure 15.7.: Interparticle distance with respect to the number of particles in a chain
(in pm unit).

Theoretical prediction (dashed lines) and experimental observation (solid lines) of inter-
particle distances between neighbouring particles in various length of particle chains under
the FM (a) and HOMs (b) evanescent fields.

interparticle distance (solid curves) appears to be largest when only two particles
are present in the chain and it decreases slowly as more particles are added. This
self-adjustment of interparticle distance within the chain matches with the trend of
the theoretical prediction (dashed curves). The discrepancy between the theoretical
prediction and the experimental observation may be due to the fact that we calculate
the optical forces on the particles using a 2D configuration for the original FEM method.
When there are only two particles, they essentially share the incident beam with little
scattering loss and the interparticle spacing can be set accordingly. As the particle
number increases, the incident beam is distributed over the particles with certain ratios.
The particles closest to the incident light source receive larger portions of the power
than distant particles due to scattering losses. The non-uniform distribution of scattered
light on the particles requires different interparticle distances in order to maintain the
self-arranged chain of particles.

The experimental observation of interparticle distances from Fig. [15.7] confirms our
hypothesis that the particles position themselves around the first preferable stable
position. An important factor to be gleaned from this result is that, regardless of the
particle number, the interparticle distances are always slightly smaller when we use
HOMs instead of the FM. This is in good agreement with the theoretical predictions.
Smaller particle separations indicate that the stronger evanescent field intensity of the

HOMs is not the important factor responsible for ordering the interparticle separation.
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Instead, the potential profiles and how the scattered light fields from the particles
interfere must play a larger role in determining the interparticle separations.

An important distinction between the binding potentials of the FM and HOM mode
cases can be realised from Fig. [I5.2] The interparticle stable positions are not only
governed by the magnitude of the binding forces, but also the shape of the potential
landscape. As shown in Fig. for the two-particle case, although the absolute binding
potential is deeper under the HOMs when compared with the FM, this potential well is
relatively wide, which may be responsible for uncertainties in the particles’ positions.
Additionally, when the number of particles within the chain increases, the potential
landscape transforms to contain multiple potential wells with similar magnitudes rather
than a single potential minimum, leading to particles jumping between these potential
minima. This may explain why the particles under the HOMs exhibit relatively unstable
interparticle separations.

Furthermore, when a dielectric particle is trapped in the evanescent field, the scattering
force is responsible for the propulsion of particles along the fibre axis. To better
understand how the binding force affects the control of the trapped particles in a chain,
we calculate the ratios of the optical binding to the scattering forces. The ratio of the
maximum absolute values of the binding force to the scattering force was found to be
0.7 for the FM and 0.5 for the HOMs. This smaller ratio could explain the case in which
particles sometimes escape from a stable configuration in the HOM field. This implies
that, although a stronger optical binding force is observed for the HOMs, it is still easier
to control each individual particle within the particle chain using the scattering force.
This is in contrast to the fundamental mode propagation.

In conclusion, we studied the optical binding effect for a number of 3 um polystyrene
particles under the influence of higher order mode propagation in an optical microfibre.
By combining the FEM and a simple scattering-matrix approach, we were able to
investigate the dynamics and the self-arrangements of particles in both the FM and HOM
evanescent fields of MNF systems. In the FM case, the relatively larger interparticle
distance and the rigid particle chains hint at a stronger interaction, which in turn,
could enhance the speed. For HOM propagation, both theory and experimental results
show a smaller interparticle distance and an instability of chains consisting of a large
number (five) of particles. Comparing the observed behaviour with that obtained for
FM propagation, a reasonable explanation of the particle speed and the interparticle

distances can be provided. These interesting physical properties of HOMs offer a better
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understanding of the interactions of light with matter. The expected reduced optical
interaction of HOMs due to the spin and the orbital angular momentum may make it a
better candidate for 3D manipulation of micro and nano-objects. In particular, this
study could be very useful for applications such as atom trapping and nanoparticle

trapping, etc.

15.4. Methods

15.4.1. Higher order mode generation

To create a beam with a doughnut-shaped intensity cross-section, a linearly polarised
1064 nm Nd**: YAG laser was launched onto the SLM (SLM-BNS 1064). A computer-
generated vortex phase discontinuity combined with a blazed grating was applied to the
SLM so that a first order Laguerre-Gaussian (LGg;) beam was created in the far field.
Two-mode fibre (Thorlabs, SM1250G80) operating at 1064 nm with a cladding diameter
of 80 um was chosen for the experiment. The fibre supports both the fundamental LP,
and the LPq; family of higher order modes. The LGy beam was coupled into the fibre
and a two-lobed pattern corresponding to the LP{; mode can be obtained at the fibre
output. With the right objective lens, approximately 40 % of the HOM power could be
coupled into the fibre and a LabVIEW programme allowed us to easily switch between
different orders of LG beams. By switching back to the FM, 70 % of the output power

was coupled into the fibre.

15.4.2. Preparation of higher-mode tapered fibre

A brushed hydrogen flame was used to make the tapered fibres, which can be customised
to any desired taper shape [208} 225; 226]. A double linear taper with physical taper
angles of 0.6 mrad and 1 mrad was predesigned and the fibre was fabricated with this
profile. After pulling, ~ 80 % transmission of the HOMs was achieved for a fibre
with a 2 pum waist. The same fibre had 95 % transmission for the FM mode. In real
applications it is always more reasonable to state the power at the fibre waist. Assuming
a symmetrical fibre taper, the power at the waist is estimated to be the square root of

the product of the input and output powers [223].

160



15.4. Methods

15.4.3. Integrating an optical tapered fibre into the optical tweezer

The prepared fibre was mounted onto a U-shaped metal mount and attached to a 3D
translational stage positioned in an optical tweezer. The taper’s vertical and horizontal
positions were adjusted over the trapping plane of the optical tweezer. The optical
tweezer was also equipped with a galvo mirror array, controlled using a MATLAB code
to achieve time sharing between the multiple traps. The reason for integrating the
fibre into the optical tweezer system was to facilitate trapping of a specific number of
particles and to minimise any disturbances due to unwanted particles [223]. A dilute
3 pum polystyrene particle dispersion was dropped onto the microfibre, which was located
at the focal plane of the tweezer. First, the optical tweezer was used to trap targeted
particles and to move them to the microfibre. Then the tweezer was switched off. The
particles are attracted to the fibre by the evanescent field and are propelled along the
waist region. By monitoring the particle motion via a camera (Thorlabs 1240), particle
speeds and relative particle distances can be extracted. The same waist power (30 mW)
was used for both the FM and the HOMs. The experiment was repeated three times for
each set of particles in a chain, ranging from one to five. For each sequence, the speed
and inter-particle distances of the corresponding particles in each chain were analysed
for both the FM and the HOM evanescent fields.

Contributions: S.N.C. proposed and supervised the project; A.M. performed the
experiment; H.R. and D.H. carried out the theoretical analyses; A.M. and V.G.T.
contributed to the experimental data analyses and the numerical simulations; All
authors participated in manuscript writing. All authors reviewed the manuscript.
Acknowledgements: This work was supported in part by the Okinawa Institute of
Science and Technology Graduate University. H.R. and D.H. acknowledge the support
of the Austrian Science Fund (FWF) through SFB Foqus Project F4013. This article is
based upon work from COST Action MP1403 “Nanoscale Quantum Optics”, supported
by COST (European Cooperation in Science and Technology). The authors wish to
thank M. Daly, P.S. Mekhail and S.D. Aird for useful comments about the manuscript.

161






16. Publication

Generating a stationary infinite range tractor force

via a multimode optical fibre
Christiane A. Ebongue, Daniela Holzmann[| Stefan Ostermann and Helmut Ritsch

Optical fibers confine and guide light almost unattenuated and thus convey light
forces to polarizable nano-particles over very long distances. Radiation pressure forces
arise from scattering of guided photons into free space while gradient forces are based
on coherent scattering between different fiber modes or propagation directions. Inter-
estingly, even scattering between co-propagating modes induces longitudinal forces as
the transverse confinement of the light modes creates mode dependent longitudinal
wave-vectors and photon momenta. We generalize a proven scattering matrix based
approach to calculate single as well as inter-particle forces to include several forward and
backward propagating modes. We show that an injection of the higher order mode only
in a two mode fiber will induce a stationary tractor force against the injection direction,
when the mode coupling to the lower order mode dominates against backscattering
and free space losses. Generically this arises for non-absorbing particles at the center
of a waveguide. The model also gives improved predictions for inter-particle forces in
evanescent nanofiber fields as experimentally observed recently. Surprisingly strong

tractor forces can also act on whole optically bound arrays.

Journal of Optics 19 065401(2017) doi:10.1088/2040-8986 /aa69f2

'D.H., S.0. and H.R. contributed in an intensive advisory role, while all the calculations were done
by C.A.E.
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16.1. Introduction

In an optical fiber, light is transversely confined and transmitted over very long distances
without attenuation. The field can be well decomposed in transverse modes, each of
them associated with a specific transverse field pattern and a corresponding longitudinal
propagation wave vector. For specially designed fibers as optical nano-fibers or hollow
core fibers a significant fraction of the light intensity is propagating in free space outside
the actual fiber material and can interact with particles in this region [LT}; 227].

If one places a nanoscopic particle or even a single atom into the fiber fields, it will
significantly perturb the light propagation and redistribute the field among different
modes and propagation directions. As the light carries momentum, the corresponding
photon redistribution leads to a net optical force [I15]. The magnitude and direction of
this force strongly depends on the fiber and particle geometry and the properties of
the injected field. For several particles coupled to the same fiber, collective scattering
enhances these forces and creates strong inter-particle forces depending on their relative
distance. This leads to optical binding, selfordering and nonlinear motional dynamics |15}
62 [72].

In some recent work we exhibited that important properties of these forces can be
well understood from a generalized beam splitter approach involving only two fiber
modes and an additional free space loss mode [I15]. Surprisingly this model also allows
to identify a parameter regime, where the total force on a particle points against the
wave-vector of the impinging light, i.e. we get a tractor beam force [228]. This feature
even persists for arrays of several bound particles.

Physically the tractor beam phenomenon is tight to the fact, that scattering from
a higher order to a lower order mode requires a momentum contribution from the
particle along the field propagation. Thus due to momentum conservation the particle
is pushed in the opposite direction. The momentum exchange is, however, smaller than
for backscattering a photon into the opposite direction. Hence for a more realistic
calculation one needs to include the backscattered fields and absorption as competing
processes.

Note that injecting phase coherent superpositions of light simultaneously into two
transverse modes can create 3D optical trapping positions along the fiber [45]. Particles
in these traps can be moved along the fiber in any direction by moving the traps via a

relative phase control of the two modes in time [229]. This is different from our tractor

164



16.1. Introduction

d

A

|
>

A — »Cr1 Ao — »C2

B - =k Dy, B, - Do
Az > » 1 Ao > » o
B, € Dy, B, , <% <€ I

— (k,w) —»
—» (ky,w) —»

Figure 16.1.: (Colour online) Schematic picture of two micro-spheres trapped close
to a optical two mode fiber. In the presented model the spheres are approximated as
beam splitters and the fields are determined by the incoming and outgoing amplitudes.
The red arrows denote the amplitudes for the first (fundamental) mode and blue arrows
characterize the second (higher order) mode. The first index for the amplitudes defines
the mode number whereas the second index stands for the particle number. An analogous
picture holds for a particle in the field of a hollow waveguide [95} 230].

beam mechanism, which is independent of position along the fiber and does not require
external phase control.

Here we will investigate the properties and limitations of implementing such a generic
tractor beam mechanism for small beads trapped in an optical two-mode nanofiber.
While a full numerical calculation using 3D finite element software is possible [223], it
does not allow to scan large parameter and size ranges. Hence it is difficult to get good
qualitative understanding and the whole range of possibilities offered by such a system.
Hence to better get the central idea, we will first study a rather idealized two mode
model including only for forward scattering and some general absorption losses to
identify the key parameter region for the appearance of tractor forces. In a second step
we will generalize to a more realistic description including the backscattered fields and
loss to free space. While it seems difficult to find realistic favorable parameters for
tractor forces in multi mode nanofibers, hollow core fibers seem much more promising.
Finally we go beyond the case of single particles and study how ordering and optical

binding can be combined with tractor forces.

165



16. Publication

A =S

5%21/)—— 109 {12 >

r12 )?"22

<€ <

Figure 16.2.: (Colour online) The fundamental processes which are described by the
presented model. All reflection processes are shown on the left side of the beam-splitter
and all transmission processes are shown towards the right side of the beam-splitter. Of
course, all processes are mirror symmetric and can also occur into the opposite direction.

16.2. Model

We consider N polarizable spherical particles within the field of a multimode optical
waveguide [95} 2305 231]. Such a geometry can either be realized by placing the particles
inside a multi-mode hollow core fiber [232; 233] or trap them close to the surface of a
tapered nanofiber with strong evanescent field components [I15]. The beads in the field
are modeled as effective beam-splitters as shown in fig. [16.1] which couple the local
field mode amplitudes left and right of the beam splitter. These mode amplitudes are
connected via an effective scattering matrix representing the underlying microscopic
scattering processes integrated over the bead volume. As the bead only interacts with a
spatial fraction of the mode, this matrix on the one hand includes forward and backward
scattering of photons into the same transverse fiber mode as well as on the other hand it
allows cross-coupling between the fundamental and the higher order transverse modes.
As depicted in the amplitudes 0 < ¢;; < 1 describe forward scattering processes
(into the same mode for ¢ = j and into any other mode for i # j) the reflection
coefficients 0 < r;; < 1 describe reflections into the same mode as well as mode mixing
reflections into the other transverse mode (cf. . In principle all these coefficients
have to be derived from solving the corresponding Helmholtz equations for any specific
implementation and boundary conditions. This has to be done numerically or by fitting
experimental results [115]. We will stay with a general approach for the moment and
only give some estimates for specific examples in Appendix A. At this point we thus
end up with four independent mode amplitudes connected via a four-port beam splitter

matrix. The most general matrix, which describes the occurring processes as they are
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depicted in takes the form

t11€i¢11 t21€i¢>21 Tlleiwn T216i1ﬁ21
t12ei¢12 t22€i¢22 T12€i¢12 7“226“”22

M4p = " " . ) . (16.1)
T € o et t1161¢>11 t21€l¢21

7’126“’[112 T22€“ﬁ22 t1261¢12 t22el¢22

It connects the four input and output fields of the jth particle via

Cl,] AL]
C A,
2 =My, | (16.2)
B ; Dy
By D,

Due to the fact that photon losses are neglected within our treatment the matrix (|16.1))
has to fulfil the unitary condition MZPM@ = [. This ensures that the number of
photons is conserved. A generalization to include some internal loss or scattering to
other modes is straightforward and certainly helps to quantitatively model a specific
experiment, but will not give qualitatively new insights.

In order to make statements about a tractor beam behavior of the injected light fields,
we need to calculate the light induced force onto the particles. This can be done by
following proven recipes [64; [115]. We calculate the forces acting on the particle via a
Maxwell stress tensor based approach. In the effective 1D geometry of a fiber, it suffices
to consider the Minkwoski’s photon momenta P inside a medium with refractive index

n
P = nhk. (16.3)

The total momentum of the light propagating in the i-th (i € {1,2}) mode at the left
and right side of the j-th bead can be expressed in terms of the propagating photon

numbers
Cneg
Nig=—— (1455” +1B35l) . (16.4)
Cneg
NG == (ICisl* + 1Dy P?) (16.5)
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at each side of the bead. The momentum left and right of the beads then reads

Pl = N{;hky + Ny hks, (16.6)
Pt%t = Nll:,{jhkl + N;jth- (16.7)

The force on the jth bead thus can be simply found from the missing momentum which

results in
Fj = hky(N{; — N{%) + Bka(Ny; — N3%). (16.8)

Hence, the force onto the jth beam-splitter in terms of the amplitudes is given as

o enegh

i 5 2+ |Bil* = [C1 ) + ka(| Aoy + | Bayl* — |Cayl?). (16.9)

(k1(| A

The presented model allows us to efficiently calculate the force onto N beads for several
different parameters. However, a full analytic treatment is rather tedious and we will
focus on some special cases of reduced complexity before including all possible processes

in the following. A concrete generic example can be found in Appendix A.

16.3. Forces for two forward propagating modes

While for very small point like scatterers there is a symmetry between forward and
backward scattered light [64], for larger or thicker objects forward scattering is usually
dominant with respect to reflection [106} 115] and the coupling between modes of the
same propagation direction dominates (see e.g. Appendix A). Therefore we first consider
larger particles of lower contrast and restrict our treatment to two different transverse
forward propagating modes and injection from a single side. This already will show the

essential physics without requiring a too complex analytic form.

16.3.1. Single particle

To study the fundamental effects of transverse forward mode coupling, we first investigate
only a single particle in the fibre field, which will introduce coherent coupling between
the two propagating modes. In this special case the nontrivial part of the four port
matrix reduces to a two port matrix and the amplitudes left and right of the
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beam splitter are connected via the following matrix

C A ti1e'P11 ¢t piP21 A
SIS P I ", (16.10)
Cg A2 tlge“f’m tzgezd)m A2

where we chose Ay = A1, Ay = Ay, C1 = Ay 1 and Cy = Cy;. The scattering process
changes the relative mode amplitudes and adds a light phase via ¢*i. Here we can
choose ¢1; = 0 without any restriction and for a single particle also ¢o will not change
the force expression.

The unitarity condition Mgp - My, = I then reduces the number of physically relevant

parameters to

b =t =1, (16.11)
t12 = t21 =V 1-— t2, (1612)
$1o=—¢o1 +2n+1)T =, n €N, (16.13)

which finally leads to a much simpler form of the scattering matrix

;L t —e7\/1 — ¢2
M, = (ei¢ — . : (16.14)

As a result the output amplitudes are connected with the input amplitudes via

C1 =tA; + V1 — 12A,, (16.15)
Cy = —e "1 —12A] +tA,. (16.16)

To calculate the force we insert this result into (16.9) which leads to the force onto a

single particle in two forward propagating modes

F& = mgoh(/@ — k) (£ = 1) (JA? = [Aof?) + VT =22 (e Aj Ay + A1 43) ) .
(16.17)
The two wavenumbers (k; for the fundamental and ks for the higher order mode) differ
in general and fulfil the condition k1 > k. Let us now look at the special translation
invariant case, where only one of the two modes is pumped and the other mode is only

populated by scattered photons. There are two possible cases to consider. On the one

169



16. Publication

C’r’LthIA2|2
A1
1
'
I
]
i
iy,

[

2p
SP

0 0.2 0.4 0.6 0.8 1
t

Figure 16.3.: Force on a single particle in only forward propagating modes considering
only the fundamental (dashed line) or the higher order mode field (solid line) as input.
The blue line corresponds to ko = 0.9 k1, the red line to k2 = 0.8 k1 and the green line to
ko = 0.7 k.

hand only the fundamental mode can be pumped (A; # 0, As = 0) and on the other
hand only the higher order mode can be injected (A; = 0, Ay # 0). The corresponding
forces are shown in [I6.3] One finds that the force on the particle is always negative, if
the higher order mode is chosen as the input field. The negative force implies that for
this configuration the particle is pulled in the direction against the incoming beam. It
is fundamental to state that due to translation symmetry of the system, this force is
the same anywhere along the fibre and the particle will be continuously pulled towards
the source over very long distances.

Mathematically this behavior gets obvious, if one looks at the analytic expression for
the force (16.18)). Assuming only a higher order mode input field (A; = 0, Ay # 0) the
force simplifies to

cnegh

F22l A o= (ky — ko) (2 = 1) | Ao (16.18)
As mentioned above the conditions 0 < ¢ < 1 and ks < ky have to hold. Consequently,
the force is always negative in this case. Following the same procedure but using the
fundamental mode field as the input beam, leads to a positive force as depicted in [16.3]

following the conventional expectation.
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16.3. Forces for two forward propagating modes

Lets now discuss the essential physics leading to this somewhat counterintuitive result.
Due to the fact that the higher order mode contains a higher amount of transverse
momentum and thus less longitudinal momentum than the fundamental mode, the
scattering process between those modes (with amplitude t15) is generally suppressed.
Only some additional momentum provided by the bead closes this momentum gap and
allows for scattering between the two modes. This is quite analogous to the case of
Bessel tractor beams [234], but due to the presence of a light confining geometry the

range of the effect is infinite in the studied case.

16.3.2. Two particles

As it has been seen and experimentally demonstrated in previous work [I115] the two
mode forward scattering model also well describes the long range inter-particle forces in
this system. In the simplified case with no backscattering, however, the fields and the
force on the first particle cannot be affected by a second one downstream the mode.
Nevertheless, the field impinging on the second particle is the result of the mode mixing
by the first and thus significantly depends on the relative distance allowing for stable
configurations. Using the scattering matrix approach the outgoing amplitudes after the

second particle can be calculated in the following manner:

Cl2 / / All
2l =M, -P(d)-M ), 16.19
(022) 2p ( ) 2p <A ) ( )

2,1

with A, ; and C; ; being the input and output fields with mode ¢ at the j-th particle. In
addition, the free field propagation over a distance d (i. e. the propagation face shift) is
included via a transfer matrix which connects the amplitudes on the right hand side of
the first and the left side of the second beam-splitter

eikld 0
P(d):( . eibd‘) (16.20)

Here we assume identical particles for simplicity so that the scattering process is the
same for both particles. Of course, the presented scheme can be generalized to more
particles in a straightforward manner. The force on the j-th particle is then again
defined by . To keep the discussion compact, we will restrict our treatment here
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Figure 16.4.: Force on the first (blue) and second particle (red) in only forward propagat-
ing modes considering only the higher order mode field as input and choosing k2 = 0.9 k;.
The solid line corresponds to ¢t = 0.95, thus implies t13 = 0.31. The dashed line
shows the results for ¢ = 0.84 and t12 = 0.54. The black circles indicate stable distances.

to the two particle case. Due to the fact that the analytical expression of the forces
is rather lengthy, it will be omitted here but the spatial dependence of the forces is
presented in [16.4] Interestingly, one finds that for certain distances between the two
particles, both particles can experience a negative or tractor force. Obviously as a next
step one can ask for stable configurations of the two particles, 7. e. configurations in
which the particle’s distance d remains constant and locked against small perturbations.
This requires both forces to have the same value (F; — I, = 0) and at the same time
one needs % > 0 and % < 0, i.e. a restoring force if the particles deviate from this
equilibrium equal force position.

As an example we again choose the higher order mode as the input field (4; = 0,
Ay # 0). Interestingly, here stable distance configurations with a negative force on
both particles can be found for the chosen parameters. Therefore, the particles are
commonly attracted towards the beam source while they stay at a constant distance.
This corresponds to a stable collective tractor beam configuration for the particles.
Another interesting fact, which can be seen in is that for certain distances beyond
the stable point, the tractor force on the second particle can even be stronger than the

one on a single particle. Hence the mode phase lock introduced by the first particle
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Figure 16.5.: Optical binding distances d as a function of the transmission coefficient ¢
for two particles in forward propagating modes considering only the higher order mode
field as input. The blue line corresponds to ko = 0.9 kq, the red line to ko = 0.8 k1 and
the green line to ko = 0.7 k1.

creates an even stronger trap than on itself. Note the lower cutoff of the distances
in which reflects the fact that stable tractor beam configurations cannot be
found for values of ¢ below certain values. In particular the transmission ¢ by the
first particle has to exceed a certain threshold value in order to find a stationary two
particle configuration. This is due to the fact that if too much light is scattered to
the fundamental mode by the first particle, the relative mode amplitude ratio in the
fiber between the two particles will be rather small and the tractor force on the second
particle will always be too small to follow the first one against the beam propagation
direction at a constant distance. Note that the particle force can also be seen as the
simplest possible form of optical binding as the scattering of the first particle creates a

series of dipole traps for the second one.

16.4. Four mode model including backscattering

Lets now turn to a more realistic model. While the relative magnitude of backward
versus forward scattering can be small for large particles at low index contrast, it will of
course never be exactly zero [I15]. As the momentum transfer per photon in reflection

is much larger than for forward mode mixing even a small amplitude could induce some
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changes. In this section we will thus treat the whole 4-mode model as already described
above and investigate, how much even small backscattering at the particles position
can induce substantial force contributions. The scattering processes in this case are
described by the general 4-port matrix . Losses to other modes or absorption also
can be included by modifying the diagonal of this matrix.

Obviously the set of available parameters is rather large in this case and hardly can
be exhaustively treated. Nevertheless, at least in principle for any concrete bead size,
position, shape and mode geometry, they could be at least numerically calculated from
a generalized Helmholtz equation. Here we will use a different approach and look at
physically interesting parameter ranges. Once interesting parameters are found, one
could look for geometries, where one could implement such scattering properties. In
order to reduce the complexity we will first assume that both modes experience the same
forward scattering amplitudes and phase shifts with negligible backscattering into the
very same mode. This allows us to concentrate on the effects of mode cross-scattering
processes which are at the origin of interesting multi-mode physics. A concrete example

is presented in the appendix. Based on the above arguments we first set:

tin =t =1, (16.21)
rip =12 =0. (16.22)

We again also set the reference phases to zero (¢1; = ¢ = 0). The unitary condition

for the full coupling matrix then again gives the following set of necessary conditions

16.23
T12 = T21, 16.24

(16.23)
(16.24)
tio = 1= 2 =1}, (16.25)
(16.26)
(16.27)
(16.28)

t1o = to1,

Go1 = —¢+ (2m — 1), 16.26
oy = —¢— (n+1/2)7, 16.27
Yo =¢+ (n—1/2)7, m,n €N, 16.28
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where we defined ¢ = ¢15. In this case the scattering matrix simplifies to

t —6_i¢t12 0 ’L.G_id)Tlg
et t ier 0
M, = R 2 . (16.29)
0 ie " %r t —e 0t
Z'€i¢7’12 0 €i¢t12 t

Of course the two-port system as it has been investigated in the previous section can

be reproduced by setting o = 0.

16.4.1. Single particle

We again start with investigating the forces acting on a single particle along the fiber.
We follow the same procedure as presented above but with more amplitudes coupled by
a larger matrix. Using ([16.9) in order to calculate the force leads to

enegh

9 <|Al|2 (kl (7"%2 + t%2) + k2 (T%z - t%z))
H Al (ky (rhy = t12) + 2 (1] + 11,))
it (k1 — kp) (A1A5e™ + AjAge™™)) . (16.30)

dp
FSP_

For injection of only a higher order mode field (A; = 0) this reduces to

cnegh

4
R =

{t% (ko = k1) + 17y (k1 + k2)} | As|?, (16.31)

which can be negative as long as the parameters fulfil the following condition:

7%2 < k’l—k’Q

(16.32)
Fig. shows an example how the backscattering process gives a negative force on the

particle as long as r15 is not too large. Note that as the two momenta are usually not

too different the condition on the smallness of back-reflection can be rather stringent.
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Figure 16.6.: Force on a single particle including back-reflection and considering only
the higher order mode field as input field and k3 = 0.9 k;. The blue line corresponds to
t12 = 0.95 and the red line to t;9 = 0.8. The dashed line illustrates the threshold on the

reflection r12 defined by (|16.25)).

16.4.2. Two particles

As the scattering matrix expresses the outgoing fields in terms of the incoming
fields the expression for the fields generated by two beads formally looks similar to the
case above. However, to find the amplitudes on two beads, the total transfer matrix
Mo has to be found in accordance with the prescribed boundary conditions. Here
one immediately gets an infinite series of reflections and back reflections. As shown in
previous work [80] this can be efficiently calculated by rearranging the terms of the
matrix in a form which connects the amplitudes to the left and to the right of a particle

in the form

14 5 i7"12t212 _ 15126_;‘15 _ 7;7‘12t62_7’¢
1=r{y 1=riy 1*7"1_2 1*7'.12
iT12t212 t . ’L'T127ﬁ62_7’<z> t12€_21¢
1—r 1—r 1—r 1—r
Myr = 12 T2 12 12 1
Tr t1261¢' _’ield)let t __iristio ) ( 633)
2 2 2 2
l—r12 1—7"12 1-r{, 1-rf,
iT‘12t61¢ _ tlgew) __iriatio t
2 2 2 2
1-rf, 1-r{, 1-rf, 1-rf,

176



16.4. Four mode model including backscattering

e AU

Figure 16.7.: Force on two particles including back-reflection and considering only the
higher order mode field as input field and ko = 0.9 k;. The blue line corresponds to the
force on the first and the red line to the force on the second particle. Here, we chose
t12 = 0.54 and r19 = 0.12. Black circles indicate stable points.

so that
0172 Al,l
D B
Y = Myp - Py(d)-Mpp | 01 (16.34)
Co0 Azq
Dy, By

)

where P4(d) is the 4 mode generalized propagation matrix for the fields:

ekl 00 0
0 etd o 0
Pid)=| i o | (16.35)

0 0 0 e ikad

In this rearranged form, the amplitudes on the particles can be found by solving these
four equations for the required input and output fields. As the analytical expression
even for the single particle force is rather complex, we will not give it here and simply
show some numerical examples. We see that the presence of the second particle changes
the interaction between the particles and the fields in a much more complex way as

above. Indeed, both particles now are influenced by the presence and position of the
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Figure 16.8.: The minimal possible force at a stable point plotted for different values
of r19 and t12. The yellow dashed line marks the zero line. In the grey region no stable
solution exists at all and the black dashed line shows the threshold for reflection and

transmission imposed by ((16.25]).

other one. Indeed, as demonstrated in Fig. the force on the second particle now
exhibits small but spatially fast fluctuations due to the interference of the reflected
fields in addition to the larger oscillations from mode beating. Also the force on the
first particle is oscillating now. These oscillations are a consequence of the interference
between the incoming and backscattered fields. Here we see that the effective total
backscattered field can be less than for a single bead as the field amplitudes from the
two particles interfere like in a Fabry-Perot resonator driven with a resonant wavelength.
Hence we can find parameter ranges with an even bigger tractor force than for a single
particle. This can be enhanced by a collective mode coupling of the two particles. In
general the distance of maximal tractor force on the first particle does not correspond
to a stable distance, but we find a large number of potentially stable distances. A fair
fraction of these correspond to a net negative force on both particles. Hence, we see
that also the full model allows for a many particle tractor beam configurations.

If we analyze this fact in more detail, we find that there exists a certain region of
parameters in which a stable two particle tractor beam, i.e. a collectively enhanced
tractor, can be realized. This region corresponds to the one on the left side of the yellow

dashed line in [I6.8 Obviously, in order to establish a negative tractor beam force the

178



16.5. Conclusions and outlook

reflection as well as the transmission coeflicients between the two modes must not exceed
a certain critical value. On the one hand if the transmission is above a certain critical
value no more stable point (7. e. points which fulfil the condition F; — Fy = 0) can be
found.) On the other hand, if the reflection coefficient exceeds a certain value the force
can no longer be negative and the particles will always be pushed in the direction of
the incoming laser beam. This effect is related to the result for two particles in forward
propagating fields (cf. ) Nevertheless, due to the fact that the back-reflection
for extended objects is in general rather small, the necessary parameter regime can be
reached in some specific geometries like for example for beads trapped inside a two-mode

hollow core fibre (see Appendix A).

16.5. Conclusions and outlook

We demonstrated that optical fibers supporting at least two transverse modes can be
the basis of translation invariant tractor beam implementations dragging particles and
even pairs of optically bound particles against the injected beam direction without the
need of any external control or feedback. The results are easily generalizable to several
particles. In practical implementations the remaining backscattering seems to be one of
the central obstacles to overcome here. For the implementation, only the higher order
mode has to be pumped via the one end of the fibre, where the particles should be
transported with hardly any restrictions on the bandwidth or coherence length. Apart
from being a neat physical mechanism, the tractor effect could be helpful in setups
where one plans to extract particles from a trap source and load them into a dipole
trap at the other end of the fiber [235].

In this work we have primarily shown that such tractor beams are theoretically possible
and given the necessary boundary conditions on the parameters to be achieved. The
main challenge in practice actually is to design the fibre in a way to maximize cross
coupling between two modes and minimizing loss to others. In a multi-mode fibre the
tractor force will be the bigger the higher the order of the injected mode and the larger
the amplitude of the fundamental mode at the particle position. For a hollow core fibre
coupling should be good using modes of the same symmetry as the TE My, and T'E My

mode with a particle of about wavelength size at its center as shown in the appendix.
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16.6. Appendix

A small particle placed inside the mode field of an optical waveguide or optical fiber
will locally perturb the field and change its propagation. If one considers positions
significantly left and right of the bead, where near field effects can be neglected, the
propagation field can still be expanded in terms of the transverse eigenmodes of the
waveguide. For a bead made of linear optical material the corresponding expansion
coefficients on both sides are linearly connected by an effective transfer matrix.

The effect of the particle will be phase and amplitude changes of the modes induced by
light scattering between various forward and backward propagation modes. In addition,
some of the field could be absorbed or, equivalently, scattered to free space modes not
guided by the fiber so that the transfer matrix is not necessarily unitary. As the latter
effect cannot positively contribute to the tractor effect or inter-particle forces we will
neglect it for this calculation of the mode coupling coefficients.

To obtain the coefficients one needs to solve the corresponding Helmholtz equation
including proper boundary conditions, which for a detailed modelling requires rather
extensive numerical calculations as e.g. presented in [I15; 223]. Here we are mainly
interested in the basic physics of the tractor force effect, which is contained in the
relative magnitude of the effective coupling between different transverse modes. As
shown above a strong tractor force requires stronger coupling of a mode to lower
order modes than to higher order modes as well as very low reflection. For only two
modes the coupling between the modes needs to be stronger than free space losses. In
order to keep the complexity low we thus refrain to a paraxial approximation for the
propagation of the fields. In this case the field evolution along a non-absorbing bead
can be approximated by the effective optical Schrodinger equation, where the bead

creates an effective potential for the transverse light field amplitude ¢ (r ) propagating
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Figure 16.9.: Shape of the original (blue) and distorted mode function (real part orange,
imaginary part green) for a spherical bead of refractive index n = 1.25 and diameter 2\
in the center of a rectangular waveguide for a waveguide diameter a = 5.

along the fiber direction z [2306]:

: _A
%azw(m) - [2”0]% n vopt(m] W(r1). (16.36)

In this case the optical potential of the bead

2 2

Voulry) = 10107 (16.37)
Ny

creates an effective local attractive potential which couples the various transverse modes.
Here n(r,)) is the bead refractive index distribution and ng the background refractive
index. Below we will try to identify a favorable case for generating a tractor force in a
simple configuration. To show the qualitative behaviour we simply assume a perfect
square waveguide with a certain diamater a [231] or a hollow guide with sharp (metallic)
boundaries [230] where the mode functions are simply given by harmonic functions
vanishing at the boundaries.
For a small refractive index of the bead and a not too large size, the effect of a bead
of diameter d on the field can then be simply estimated by the spatially accumulated

phase shift
) . rd
€l¢(TJ_) ~ e fo Vopt (r1)dz (1638)
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Figure 16.10.: Shape of the original (blue) and the reflected mode function for a spherical
bead of refractive index n = 1.25 and diameter 2 in the center of a rectangular waveguide
for a waveguide diameter a = 5A.
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Figure 16.11.: Mode coupling coefficients for the three lowest order symmetric modes

for a spherical bead of index n = 1.5 in the center of a rectangular waveguide as function
of bead diameter in units of the waveguide diameter a = 9.
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16.6. Appendix

by field while traversing the bead and a small reflected component [95]. This is shown
in the example in below, where we plot the original third order mode function and
its distorted form (real and imaginary part) after the bead on a cut along the x-axis.
Similarly we can estimate the reflected contribution as shown in [16.10]

In this limit the mode coupling coefficients can then be simply obtained by projecting
the distorted and reflected fields onto the original modes. This will strongly depend on
position, size and refractive index of the bead. If we want strong overlap between a
higher order and a lower order mode it is thus favourable to put the bead at a position,
where the target mode has a high amplitude but the unwanted modes are low or strongly
varying. As an example here in [I6.11] we show the case of a bead of varying size exactly
at the center of the waveguide where the first and third order mode amplitudes are
large, while others are small. We see that indeed the desired coupling between mode one
and two is about one order of magnitude bigger than the other couplings and reflections.
Hence, this configuration should lead to a sizeable tractor force for a suitable particle

size range.
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17. Conclusions and outlook

As part of the wider field of quantum optics and AMO physics the present thesis
is specially devoted to the theoretical modelling and study of the dynamics of nano-
particles and atoms coupled to the field of optical nanofibres. The publications presented
in this thesis investigate various central and intriguing physical phenomena and it is
shown that particles trapped along a nanofibre can provide a physical basis for various
applications.

As an introductory step we developed a new model, where particles trapped in the
evanescent field of a nanofibre are additionally illuminated by a transverse pump field
and scatter light from this field into the fibre. Although the model is quite simplified, it
still provides a powerful tool to describe the interactions between the particles and the
fibre field and to study important physical properties of their collective dynamics.
The first section of the thesis introduces the theoretical background and the model to
understand the new physical phenomena in the publications presented subsequently.
A scattering matrix approach was developed to describe the interactions between the
particles and the fibre field. Based on this the forces acting on the particles were
calculated.

Using this approach it could be demonstrated that particles trapped in the evanescent
field of a nanofibre and transversely illuminated by a pump field collectively interact
with the fibre field and can self-order in stable configurations depending on the coupling
strength between the particles and the fibre field. The particles self-order to localize
high field intensities between them and thus act like mirrors. When slightly shifting a
particle from its stable position it affects all the other particles and collective oscillations
of all particles arise.

In a next step the transverse pump field was described by a broadband field, which
leads to an exponentially decaying force depending on the bandwidth of the field. The
particles are still able to find stable self-ordered configurations. Using several broadband

fields with different frequencies and intensities the forces between the particles can be
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tailored and even turned off. We developed a quantum model where we used this fact to
simulate Coulomb interactions between trapped ions and implemented quantum gates.
Such a system is challenging to realize experimentally as the transverse pump field
could exert a high radiation pressure on the particles, but recently, Rauschenbeutel and
coworkers managed to transversely illuminate particles trapped along a nanofibre [46].
The particles scatter this field and part of this field couples to the guided fibre mode.

Some calculations reported in this thesis could reproduce results of Chang et al. [15],
where he assumed resonant excitations of the internal states of atoms coupled to a
waveguide. When taking the weak scattering limit for far detuned light and eliminating
the internal states, the oscillation frequencies from eq. and the optical potentials
from eq. coincide in both works.

In conclusion, the present thesis demonstrates that particles coupled to a nanofibre
provide a powerful and versatile tool for many applications. As the particles can
be trapped along the fibre and their interactions can be manipulated, more complex
systems can be simulated. After further development this model can be used for
quantum simulation as well as for quantum computation. When additionally including
backscattering effects and chirality related scattering [55H5T; 193} 194] the calculations
could be very challenging, but also improve the model and provide further control
possibilities of this system.

In the present thesis we only considered the motion of the particles along the nanofibre,
but in an extended approach one can also develop a 3D system and include transverse
motion of the particles. Furthermore, the study of the interactions of multistate atoms
with the nanofibre field or investigating cooling effects of the system are also promising
research directions. Our scattering model describing the interaction of particles with a
nanofibre field can also be adjusted to other systems with particles coupled to guided

fields, e.g. particles in a hollow core or photonic crystal fibre.
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