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Optical trapped, small spheres in ultra-high vacuum recently gained atten-
tion as an opto-mechanical system that allows testing fundamental questions
in physics [1, 2, 3, 4, 5]. One of the challenges for those types of experiments
is the preparation of a nanometer sized particle in an ultra-high vacuum.

Particle sizes typically proposed for those experiments are around 100nm.
The two common approaches to prepare nanoparticles in an optical trap
are limited. Shaking particles loose from a piezoelectric crystal is strongly
constrained by Van der Waals forces. The approach based on liquid droplets
containing nanoparticles is detrimental for the vacuum.

This thesis introduces a novel particle source combining a nebulizer source
with optical trapping and a hollow core photonic crystal fiber. The fiber pro-
vides a 10um wide core connecting a nebulizer source with a science chamber.
An optical trap is prepared through the hollow core fiber. It provides a trans-
port mechanism capable of trapping a single nanoparticle from the nebulizer
source and moving it in a controlled way into the science chamber.

The experiment performed demonstrates the basic working principle by
transporting nanoparticles from a nebulizer source through a hollow core
photonic crystal fiber into a science chamber at room pressure. The setup
allows high positioning accuracy and characterisation of the nanoparticle
dynamics. The system is demonstrated to be compatible with an ultra-high
vacuum environment and promises transport of nanoparticles into ultra-high
vacuum.
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1. Introduction

Quantum mechanics is a well tested theory for the microscopic world describing electrons,
atoms and molecules for example. A still open question is if quantum mechanics can
also describe macroscopic systems or if the theory breaks down reaching a certain size
or mass of objects. The field of cavity optomechanics [10] is a good candidate to reach
experimental regimes where this questions can be answered.

In 2010 three proposals for cavity optomechanics with levitated nanospheres were
published [1, 2, 3] and another [4] in 2011. The main idea is optically trapping a small
dielectric particle (arround 100nm radius) in a Fabry-Perot cavity. The particle behaves
as an harmonic oscillator which has a dispersive coupling to the cavity mode. The parti-
cle moves along an intensity gradient inside the cavity mode due to the Brownian motion
changing the effective cavity length. This mechanism allows control, manipulation and
read out of the centre of mass motion of the particle. A big step towards the regime
proposed is cooling the centre of mass motion to the quantum mechanical groundstate.

One crucial parameter for cavity optomechanics with levitated nanospheres is the
pressure of the environment. An experiment based on those proposals, an experiment
we are working on [11], requires a pressure of 10~ "mbar to cool to the groundstate of the
centre of mass motion. One of the challenges is therefore the development of a vacuum
compatible loading mechanism for nanoparticles.

Most experiments dealing with levitating nanospheres use a nebulizer source to load
particles in an optical trap. For example a medical asthma spray is used in [12, 13, 11]
to nebulize a solution of nanoparticles. Then, trapping is a random process without
control where a particle occupies the trap and how many particles are in the trap.

A second aspect of nebulizer sources is contamination of the vacuum chamber. To cool
a nanoparticle to the groundstate of its centre of mass motion sufficiently low pressures
are required. The level of contamination by loading with nebulizer sources, as they also
load solvent, is too high to reach the required vacuum.

Ideally one would be able to prepare one nanoparticle and transfer it to the desired
place into an ultrahigh vacuum (UHV) chamber, without contamination and with control
over particle number and position.

1.1. Requirements for a Particle Source

The main requirements are having a dry source which is compatible with UHV and being
able to prepare nanoparticles of the desired size, 127nm for our levitation experiment
[11], at the desired position.

The early experiments by Ashkin [14, 15] showed trapping of a 20um sphere in a
vacuum of 10~%mbar with a piezoelectric loading mechanism. Spheres were prepared
on a microscope cover slide attached to a piezoelectric crystal. Driving the piezo with
an AC voltage accelerates the particles sufficiently enough to overcome Van der Waals
forces that bind the spheres on the glass slide. This source was positioned in such a way
that particles leaving the glass slide fell into the optical trap. The Van der Waals force



between a spherical particle and a flat surface is given by [16]

AHCL
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Fyaw () (1)
with Ay the Hamaker constant taking into account the material properties of the sphere
and the surface, a the sphere radius and z the distance between the particle and the
surface. If a particle is attached on a surface the separation distance is usually assumed to
be z = 4 x 1071%m [17, 18, 19]. To estimate the precise adhesive force between a particle
and a surface more effects than just Van der Waals force, like particle deformation caused
by Van der Waals forces which increase the contact area, surface roughness, etc. have
to be taken into account but equation 1 is sufficient to estimate the magnitude.

The piezo attached on the glass slide is driven with a sinusoidal signal and the accel-
eration acting on a particle sticking on the surface can maximally be f2A with A the
elongation of the piezo and f the driving frequency. Whenever the force caused by the
piezo overcomes the Van der Waals force particles leave the surface. Figure 1 shows an
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Figure 1: Required acceleration Af? to break Van der Waals forces between a silica
particle with radius a and a silica cover slide

estimation of the acceleration needed to overcome Van der Waals forces between a silica
sphere and a silica cover slide depending on its radius a (Hamaker constant for silica
surface an silica particle: Ay = 8.5 x 1072°J, [20]). If one wants to use a piezoelectric
source for launching particles of 50nm radius as proposed in [1] or 127nm particles as
used in [11] an acceleration of 7 x 107892 or 1 x 107?2 respectively is required. A piezo-
electric crystal would need an elongation of 1ym at 1MHz frequency for example which
is far out of reach of current state of the art technology. The shaking method is limited



to particles of several micrometers in size and not capable of getting nanometer sized
particles loose from a surface. Li et al. used this technique in their experiments and
were not able to launch particles with a size smaller than 1um [21].

The piezoelectric crystal is a dry source allowing the usage in UHV but is limited to
micrometer sized particles. Note, however that additional heating of the piezo offers a
way to decrease the particle size[22].

Another way of preparing particles is a nebulizer source, as mentioned in the intro-
duction or in more detail in chapter 5.2. A solution of particles is nebulized and then
brought to an optical trap. This method is reported to work for sphere radii between
26-510nm [13], but is not UHV compatible because of contamination.

In addition, the particles are randomly moving into the trap and it is unpredictable
how many of them occupy the trap. This argument also holds for particles leaving a
piezoelectric source.

Figure 2: String of nanoparticles trapped inside a Fabry-Perrot cavity (dashed line),
loaded with a nebulizer source

Figure 2 gives an example of random occupation of a Fabry-Perrot cavity loaded with
a nebulizer source.

1.2. A novel Loading Mechanism

[ ] HCPCF

—

Science Chamber Loading Chamber

nebulizer
Source

Figure 3: Novel loading mechanism for nanoparticles

Figure 3 shows the setup for a novel particle source. It combines the advantages of
nebulizer sources with optical tweezers and hollow core photonic crystal fibers (HCPCF).



A HCPCEF is a fiber which supports Gauss like light propagating in an hollow core filled
with air. The size of the air core can be tens of micrometers and is therefore large
enough to allow transport of nanoparticles. One end of the HCPCF is placed in a
science chamber with an UHV environment. The second end is placed in a loading
chamber connected with an nebulizer particle source. Light is coupled into the fiber
from both sides with equal polarisations building a standing wave through the entire
HCPCF and in front of the fiber ends. Particle-solvent fog from the evaporative source
is sucked via a tube into the loading chamber and eventually a particle will be trapped in
front of the HCPCF. Moving the whole standing wave with the trapped particle through
the HCPCF into the science chamber allows a transport of a single particle from the
loading chamber into the science chamber at a desired place, where the fiber ends.

Compared to piezoelectric sources and only nebulizer sources this method provides
several advantages. It supports all particle sizes which can be nebulized and which can
be held in the optical trap. Secondly it is a particle source which allows control over
the amount of particles transported into the science chamber and it can deliver particles
at a well defined position. This is a huge advantage compared to the randomness of
particle number and position of other sources. It is also a UHV compatible source as
it does not contaminate the science chamber. All evaporative processes are done in the
loading chamber.

1.3. Throughput of a hollow core photonic crystal fiber

To use this novel source in a UHV experiment one has to assure that the hollow core
fiber connecting the loading chamber with the science chamber allows sufficiently high
pressure difference. The flow of air through the core has to be small enough to keep a
good vacuum in the science chamber. In general, the flow through tubes, or a hollow
core fiber in this particular case, is classified in three different regimes: molecular flow,
Knudsen flow and continuous flow. Molecular flow describes a regime where the mean
free path length of the gas molecules is large compared to the geometry of the system,
namely the tube radius. The motion of molecules is dominated by their inertia and
scattering with walls. The continuous regime is dominated by collisions of molecules
with each other where the mean free path length is much smaller than the dimensions
of the system. Knudsen flow describes the intermediate regime. The Knudsen number
Kn = # with R the tube radius, | = —2L— the mean free path length, kp the Boltzmann

TV 204p
constant, T' the temperature of the gas, o, the cross section of a gas molecule and p the

gas pressure classifies the different regimes. A Knudsen number Kn > 0.5 describes
molecular flow, 0.5 > Kn > 0.01 Knudsen flow and 0.01 > Kn laminar flow. The
Knudsen number for a tube with R = 5 x 107%m, the core radius of the HCPCF used in
this experiment, and air at room temperature is plotted against the pressure in figure 4.
Assuming the loading chamber at room pressure (1000mbar) and the science chamber at
p = 10~*mbar one sees that the flow undergoes already all three regimes as the Knudsen
number varies from 107* < Kn < 100. Standard vacuum technology calculations, see
[23] for example, offer estimations for a system undergoing all three regimes. It can be
described by two parallel tubes in which one only laminar flow takes place and in the
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Figure 4: Knudsen number Kn for a tube with 10um diameter depending on the pres-
sure p

other tube just molecular flow. The overall flow adds up. Therefore, the flow of gas from
a high pressure region (loading chamber) through a hollow core fiber into a low pressure
region (science chamber) connected with a pumping system can be estimated. The final
pressure in the science chamber is given by an equilibrium of the flow into the chamber
via the hollow core fiber and the outflow by the vacuum pump.

Vacuum pumps have a constant, device specific, volume flow rate S = %. The
throughput of a pump is Qpump = Sp with p the pressure at which the pump is oper-
ating. It describes the outflow of gas by the pump. The throughput in the continuous
(molecular) regime through a tube of length [ and radius R is given by [23]

W(QR)4 2 2
Qlam — 2567”][ (pL - pS)
2R)?
Qmol — ( ) CT(]?L - pS)

with ¢y the mean thermal velocity of the gas, n the viscosity of the gas, ps and pp the
pressure in the science and loading chamber. Figure 4 shows a plot of the throughput
for a HCPCF (blue curve) and a vacuum pump (red curve) depending on pressure. The
loading chamber was assumed to operate at room pressure, a fiber length of [ = 10cm
and a vacuum pump with a volume flow rate S = 0.05%3. The throughput of the
HCPCF is almost constant as the difference between room pressure and a small pressure
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Figure 5: Throughput @ of a HCPCF (blue curve) with one end free space (room pres-
sure), the second end at pressure p and throughput @ of vacuum pump (red
curve) operating at pressure p

is negligible. The intersection of both curves gives the equilibrium pressure, the lowest
pressure achievable in the science chamber for this configuration. The throughput of the
vacuum pump is just sufficient to compensate the throughput into the chamber via the
HCPCEF. In this case a pressure difference from room pressure to p ~ 10~%mBar, nine
orders of magnitude, is achievable.

There are two possibilities to increase the pressure difference even further. One can
prolong the length of the HCPCF as the throughput decreases inverse proportional in
fiber length. Note that the same can be done with a better vacuum pump. An increase
by at least a factor 40 in volume flow rate? is current state of the art vacuum technology.

A second way to decrease the pressure in the science chamber can be done with a
third, intermediate vacuum chamber between loading and science chamber connected via
a HCPCF. The two HCPCF endings in the intermediate chamber can be butt coupled?,
acting as floodgate. A pressure difference of nine orders of magnitude from loading
chamber to intermediate chamber, as described before, provides a pre-vacuum. It can,
in principle, be increased by the same order of magnitude with a HCPCF from the
intermediate to the science chamber.

This estimation for maximum achievable pressure difference is questionable as gas flow

2compared to S = 0.05]”“173

3Butt coupling means bringing two fiber ends so close to each other that no additional optics are
required to couple light from one fiber into the other. A particle can then be transported from one
fiber into the other



in micrometer sized tubes seems to behave differently as in macroscopic vacuum tubes.
According to [24] for low pressures and therefore few gas molecules, the continuum based
Navier-Stokes equations reach their limits. That is why a small experiment with a 10cm
piece HCPCF and a vacuum pump with a volume flow rate S = ().05%3 was done to
verify the estimations shown in figure 5. The fiber was glued with epoxy in a vacuum
flange and connected with a pressure sensor and the vacuum pump. The other end of
the fiber was at room pressure. Pumping down the system for one day lead to a final
pressure of p = 4.7 x 10 %mbar. This was the limit of the vacuum system used. In
order to find the real cutoff pressure, a better vacuum system would have been required,
which was not available at that point. The intersection point predicted by the two curves
in figure 5 at p = 1 x 10 ®mbar has however almost been reached demonstrating the
possibility to bridge nine orders of magnitude in pressure.

Loading nanoparticles with a nebulizer source at 1mbar has been demonstrated, see
[11], so the throughput of the HCPCF is not to be expected to be the limiting factor in
achieving the required 10~ "mbar for groundstate cooling.



2. Optical Trapping

Light can be used to control the motion of small dielectric particles. The first experi-
ments were done by Ashkin [14, 25, 15, 26] in the early seventies. Since this pioneering
works optical trapping has been used for many different applications in different fields of
research. With this techniques trapping of atoms with light was realized or Biologists, to
give another example, use optical trapping to investigate biomolecules, DNA, proteins
etc. The review [27] and the book [26] summarizes applications of optical trapping for
further reading.

This chapter introduces the basics for optical trapping of small dielectric particles in
a Gaussian light field which can describe the optical trap for nanoparticles built with a
HCPCF.

2.1. Gaussian Beam

The electrical field amplitude of a Gaussian TEM00O mode propagating along the z-axis
is described by

24,2 2, 2
E(’I“,t) = F, e z(kz+27rut)e W2(2) ¢ IR ezC(z) pe i2mvt
w(z) (2)

— E(T, Z) . ﬁe—i%rut

2

with w(z) = wey/1+ (i) the waist, wp the minimal waist, zg = ”T“’Q the Rayleigh

length, A, v the wavelength and the frequency of light, & = #F the wave number, R(z) =
2

z {1 + (%R) } the radius of curvature of wave fronts, ((z) = arctan(;%) the Gouy phase,

r = &2 + y? the radius in polar coordinates and p the polarisation vector.

For non-conducting and non-magnetic materials, especially air and silica, the refractive
index can be written as n? ~ /gy with ¢ the dielectric constant of the material and
g = 8.8510_12£ the vacuum permittivity. The magnetic permeability can be assumed
as | = po with the magnetic permeability of vacuum.

The magnetic field is H (7, t) = nseoc €. x E(7,t) with ny the refractive index of the
medium in which the wave propagates and ¢ the speed of light. The Intensity is the
time average of the pointing vector

I(r,z) = <§>T

(B i),
= n2500|E T, 2) —/dt —dmvt
n2€oc N
= |E(r,2)]* - &
2
— 2P e e g,
Tw(z)?



with P = {mwinseocE] the power as defined in [28].

2.2. Standing Wave

Superimposing two counter propagating electrical fields with the same polarisation vec-
tors p; = ps leads to a standing wave. Both light beams are assumed to have the same
waist wp, same electric field amplitude Fy = E, = E and the same frequency v. The
intensity is proportional to the superposition of the electric fields E; and E, square

I(r,z) o |E2(7,t) + E2(F 1)
= |E3(r,2) + E3(r, 2)|?

2 T . . r2 . . 7‘2 2
’ ;U(O) e 0 | e ek 4 ohr iR aRe
w?(z
2 2 2
w 2 r
= F? 20 e «2( 4cos® k(er ) )
w?(2) 2R(z)

The intensity of the standing wave is given by

2 2 2
. N2EpC o Wy _wriz 2 r
I(r,z) = 5 E 20 e «?(= 4cos [k:(er 2R(z)>] o
_ 8P e_wgfﬂ cos? k(z—i— r )
T mw?(2) 2R(z)/ |

The waist wy is small compared to the radius of curvature R(z). Thus we can neglect
the second argument of the cosine function in equation 3 and write the intensity of a
standing wave

8P 2
e “*@ cos?(kz). (4)

I —
The intensity is strongest along the z-axis and has a maximum at z = (0 where the waist
is smallest. It is periodic along z-direction with half the wavelength of the light.

2.3. Radiation Forces and Harmonic Potential

The interaction between a small dielectric particle and light can be described with
Rayleigh theory if the particle radius a is smaller than the wavelength a < A. In
this regime one can separate the radiation force in two components, scattering force and
gradient force.

As the particle is smaller than the wavelength it can be treated as a point dipole. The
electromagnetic field polarizes the dielectric particle and drives it with the frequency
v. The induced dipole therefore starts radiating, or scattering. Every photon from
the incident light impinging the sphere is either absorbed or scattered and therefore



transferring momentum from the light to the particle. The overall change of momentum
leads to a force on the particle in direction of the light propagation, the scattering force

Fscatt(ra Z) = %Uscattj(ra Z) . gz (5)

u?—1
u2+2
Rayleigh regime [28] and u = n,/ny with n, the refractive index of the particle.

On the other hand, a Lorentz force acts on a dipole in an electromagnetic field. It

pushes the particle along the field gradient towards a field extrema and is given by [28]

2
With Ogcatt = %71',1{34@6( ) the scattering cross section of a dielectric particle in the

_, 2mnqa’ u? — 1
Faraalr;2) = ¢ u?+2

VI(r, z). (6)

The gradient force is proportional to the volume of the particle, independent of the
wavelength and points always in direction of the strongest field gradient. The gradient
force is conservative with the potential

2mnaa® u? — 1

Ulr,2) = - c  uz+2

I(r,2) (7)

as the force of any conservative potential can be written as the negative gradient of a
scalar function. Two counter propagating beams have the same intensity if we choose
them to have equal power, waist and frequency. Therefore the scattering force from the
left and the right beam cancel. The remaining gradient force can then be calculated
from the intensity of the superimposed electrical fields given by equation 4. Figure 6

caZr (e
o s

3-2-10 1 2 3 -3-2-10 1 2 3
X [pm] z [pm]

F [pN]

Figure 6: Gradient force of a standing wave trap (P = 2W, wg = 3.75um) on a sil-
ica sphere depending on the radial z-position (left) and the axial z-position
(right)

shows the forces on a Rayleigh particle in a standing wave. It is instructive to point out
that a force of 1pN on a 127nm silica sphere corresponds to an acceleration of 44000%.

10



The left part shows the force along x-direction at z=0. A particle close to the origin will
always be attracted towards the beam centre, the equilibrium position where F' = 0. If
perturbations from the equilibrium position are small enough the particle returns as the
force points in the opposite direction as the displacement. The same argument holds for
the equivalent y-direction. In this context we have a "stable trap" in x- and y-direction.

The right part in figure 6 shows the force of a standing wave acting on a small particle
along the z-axis. The main difference compared to forces along x,y-directions is its
periodicity, there are more than just one trap position. If a particle is trapped at one
particular equilibrium position (Fgaq, = 0) the behaviour for perturbations from the
equilibrium position is the same as for the other directions.

The gradient force along z-direction is strongest as the field gradient in z-direction is
higher than in x,y direction.

For a particle is trapped in a standing wave the potential can be approximated with
a Taylor expansion for small displacements

oU(x,y, z
Ue,y2) ~ U(0) + 3 T8

)

2

ﬁ,y:ZZO t ¢ x:yvzzo

The second term in equation 8 is zero and we neglect terms of order O(z3). The resulting
potential describes a three dimensional harmonic oscillator. Properties of the trap can
now be related to properties of a harmonic oscillator. The coefficients in the quadratic

02U
term K; = 765;’3/’2)

are the spring constants for each direction. The trap frequencies €2;
with ¢ = x,y,z are ; = /> with m the mass of the trapped particle. The constant

U(0) is the trap depth and tells how much kinetic energy a particle needs to escape the
trap.
The radial frequencies are given by

24Pns (u? —1
Loy = Twhc 2
0 P us + 2

and the axial frequency is

Pny (u?2—1) [12)\2 967
Q, = . 9
\l Tcp <u2+2> <7r3w8 - )\2(,0(2)) )
The frequencies for a Rayleigh particle are independent of mass or size and just depend on

the density p of the particle and the ratio of refractive index of particle and surrounding
medium wu.

2.4. Damping

The gradient force, as described in chapter 2.3 is conservative and therefore not capable
of capturing a particle. Any particle entering the trap gains the kinetic energy U, and
this is, by definition, sufficient to leave the trap again. The surrounding air provides at

11



reasonable pressure sufficient damping to trap particles in a conservative potential. The
damping rate for a rarefied gas and a spherical particle is given by [29, 30, 31]

_ 6mna  0.619
T T 0619+ Kn

(14 cx) (10)

0.31K
07857 1. 152Kn  Kn
for higher pressures, [ the mean free path of the gas molecules and Kn = é the Knudsen

number?. The mean free path is [ = \%Tp with o, the molecule cross section and p
s O'g

> a correction factor

with 7 the viscosity of the surrounding medium, cx =

the pressure of the gas. Figure 7 shows the damping rate for a silica nanosphere with a
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Figure 7: Damping rate + for a 127nm silica sphere in air depending on pressure

radius a = 127nm in air. For low pressures the damping is proportional to the pressure
of the surrounding gas.

The equation of motion for a free, damped harmonic oscillator is & + vi + Q%z = 0.
There exist three qualitative different solutions. The first solution is the underdamped
case where the damping v < 2() is smaller as double the mechanical frequency. The
system oscillates with an exponential decaying envelope. Secondly, there is the over-
damped case 7 > 2{) where the system does not oscillate at all. If excited it decays
without oscillation into the groundstate. And the third case where v = 22, the critical
damped case, the system can oscillate once and then go back into the ground state, but
faster as the overdamped system would.

A quantity commonly used to characterize a harmonic oscillator is the Q factor. It
is defined as Q := % the ratio of mechanical frequency and damping rate. According

4Knudsen number describing a sphere in air
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to the under-, over- and critical damped system the Q factor is bigger, smaller or equal
to % For an underdamped oscillator  is the number of oscillations till the system lost
half of its energy by the damping process.

2.5. Noise Power Spectrum of a Harmonic Oscillator

The whole system consisting of the harmonic potential introduced by the electromagnetic
field, a trapped nanoparticle and the surrounding gas can be described with Langevin
equations as in [32, 33, 21, 34]. Harmonic potential and damping were introduced in the
former chapters but the interaction of the sphere with the environment is still incomplete.
The surrounding air with a finite temperature T is responsible for a random force noise
F; = \/2kgT~ym ((t) describing the coupling to the thermal environment. ((¢) is a white
noise process vanishing for time averaging (¢(¢)) = 0 and is uncorrelated (((t)((s)) =
d(t — s). It is the origin of a random motion of the particle caused by scattering with
surrounding fast moving molecules or atoms. It is linked to the temperature and the
damping of the surrounding medium as it contains their dynamic properties. All three
spatial directions are uncoupled so the problem is only treated in one dimension

F,
i yi 4 Q== (11)
m

with v the damping rate and €2 the mechanical frequency of the particle.

Equation 11 can be solved by applying a Fourier transformation. The time derivative
transforms to a multiplication with ¢w in Fourier space and the Fourier transform of the
displacement is #(w) = [dt e ™'z (t)

2~ . ~ 2~ Ft
—w T (w) +iwyt(w) + QT (w) = —. (12)
m
The displacement in Fourier space is then
F, 1
m Q2 — w? + iwy

T(w) =

and the spectrum of a harmonic oscillator is defined as
Saa(w) = (|Z(w)[*)
 2kpTy 1 (13)
m (Qz —w2)2 +w272‘

Any experimentally measured spectrum has a finite bandwith, thus the Fourier trans-
formation applied in equation 12 is in fact a Fourier series and the measured spectrum
always contains noise of the Brownian stochastic force. Integrating the spectrum over
all frequencies

/dw Spa(w) = 2kBT7/dw 2 212 2~2

/ m (Q2 — w?)? 4+ wly (14)
kT
T mQ2
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Figure 8: Spectrum S, of a harmonic oscillator with a mechanical frequency 2 = 500
kHz and a dampingrate v = 20 kHz which corresponds to @) = 25

leads to the temperature of a harmonic oscillator. Figure 8 exemplary shows the spec-
trum of a harmonic oscillator®.

Once one has access to the spectrum of an oscillator, fitting equation 13 gives the
mechanical frequency, the damping and the temperature of the system.

2.6. Position Detection

To measure the spectrum of an optically trapped particle a position read out is necessary.

One method is based on interference of light from the trap, which provides a phase
reference, with scattered light from the trapped particle which contains an additional
phase due to its motion. Figure 9 shows a sketch for a interference based readout of the
particle motion. The particle moves in the trap and is at a certain time displaced by
A7 from the potential maximum (equilibrium position). A detector (screen) far away
from the trapped particle measures the power of the incoming light. If we approximate
the dipole radiation with a spherical wave and the TEMO00 mode with plane waves the
interference signal is proportional to

I(7) ~ ’Eoei(kzz—g) + EDeiE(F—AF')|2

with Ejy the amplitude of the incident electric field, Ep the amplitude of the scattered
field by the sphere and A7 the displacement of the particle. The electric field providing

Swith a mechanical frequency of Q = 500 kHz and a damping v = 20 kHz
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Figure 9: Position detection based on interference of trapping light with scattered light
of a nanosphere

the phase reference gathers an additional phase, the Gouy phase ( = —i7 far away from
the origin R > z whereas the dipole radiation does not. The intensity can be measured
with a detector positioned like the screen in figure 9. Let’s assume the detector to be
on axis at z = R and the size of the active area of the detector xy, 1y < R smaller than
the distance between detector and particle. From geometrical considerations one gets
L= % for © = x,y and then the intensity is proportional to

z

I(z,y,2=R) ~ |E06i(kzz—g) + EDeiE(x.é‘z—s-y‘é'y-ﬁ-R.é'z—Aﬂr)|2

=y
[&
U

= |Eye'*=>=3) + | ei {kZR(L+
0 D

=~ |Eg@i(kzz—g) + EDei[kz *%(IA$+yAy+RAz)]|2

+1)—%(xAz+yAy+RAz)} |2

(15)

ks
= Ej + E}, + 2EyEp sin [QR (xAz + yAy + RAZ)] :

The approximation in the third line of equation 15 is valid as we are just interested in
intensities on the detector area x < xg, y < yp.

The position in the z-direction can be determined from the on-axis intensity at the
detector. Figure 10 shows a schematic of an axial position detection. Let’s assume the
sphere is displaced by the distance Az from an intensity maxima and calculate power P
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Figure 10: Position readout along z-direction of a trapped nanoparticle displaced by
Az

on the detector.

Yo xo
P = /dy/dx I(z,y,z = R)

—Y%0 —Zo

A R? 0 k,xoAx 0 k. yoAy o k.Az (16)
> k2AzAy orR )° or )M\ 2

- ToYok. Ax
5 .

The detected signal is proportional to the displacement along the z direction P oc Az.

With this method an axial position readout of a particle motion is possible. Ex-
perimental implementation of this detection method has been for example realized in
[31],[30].
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3. Hollow Core Photonic Crystal Fibers

In this chapter hollow core photonic crystal fibers (HCPCF) will be introduced, which
are a progression of standard single mode fibers (SMF). They guide a light mode inside
the hollow core which allows trapping and guidance of nanoparticles from a loading
chamber into a science chamber.

Figure 11 shows an example of a HCPCF surface. The inner air core is surrounded
by a periodic arrangement of air holes, the photonic crystal cladding, which is again
surrounded by a silica cladding. In contrast to SMF fibers which consists just of two
materials, a core and a surrounding cladding with refractive indices n., and ny. Light
facing a change of refractive index, for example light in a SMF impinging from the core
to the cladding, is described by Snell’s law sin € ,nc, = sin fgne. For ne, < ng it follows
that sinf., < na/ne < 1 and therefore 6., < arcsinng/ne. If sinf.,, overcomes this
angle there will be no light refracted and all the light must be reflected (total internal
reflection, TIR). Based on TIR it is impossible to have a SMF with an air core as there
is no material with a lower refractive index than air for optical frequencies. Instead one
replaces the cladding with a photonic crystal which traps light in the core such that
no TIR guiding mechanism is needed any more. HCPCF are a particular species of

Figure 11: Dark field image of a HC1060 HCPCF from NKT Photonics

photonic crystal fibers (PCF). PCF mainly consist of a photonic crystal in the centre
and a silica cladding. The structure of the photonic crystal differs depending on their
purpose, in the simplest form it is just an array of small holes. In this sense a HCPCF
is a PCF with an defect in the centre, the air core.

3.1. Photonic Crystals

In general photonic crystals are periodic dielectric structures of the order of the length-
scale of the wavelength they are designed for. Photonic crystal produce photonic band
gaps which forbid certain frequencies to propagate and allow others to do so. A good
introduction to photonic crystals can be found in [35] which is also the basis for this brief
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introduction. The macroscopic Maxwell equations without free charges and currents are
V-B=0 VxE+dB=0
V-D=0 VxH-8D=0

with F and H the macroscopic electric and magnetic fields, D and B the displacement
and the magnetic induction fields. The displacement field D and the electric field are
related via

& = ZsijEj + ZXijkEjEk + O(ES)

€0 i ik

with g9 = 8.85107!2 Farad/m the vacuum permittivity. We neglect nonlinear terms and
consider just macroscopic, isotropic, transparent materials. That means that 5(77) =
e0e(F) E(7) with () a scalar, real and positive relative permittivity. We also assume dis-
persion free materials (7, w) = £(7') as we are just interested in small frequency ranges.
Similar approximations are made for the magnetic field. As most relative magnetic
permeabilities u(7) are close to 1 one may write B = Moﬁ . With this approximations
one can relate the refractive index with the relative permittivity via n? = ¢/gy. This
simplifies Maxwell equations to

—

V-H=0 (17)

V X E+py 0,H =0 (18)
V-E=0 (19)

V x H — eoe(F) ,E = 0. (20)

The Maxwell equations are linear differential equations and fulfil the superposition prin-
ciple. It allows an Ansatz in Fourier modes and decouples spatial from time derivatives
H(F,w) = H (e ™"

—

-, . 21
E(F,w) = E(f)e ™" (21)

Inserting this Ansatz in equation 20 and equation 19, and combining those results gives
the Master equation

1
e(7)
The operator © (Master Operator) on the left side of equation 22 is Hermitian®. There-
fore all well known mathematical tools for solving hermitian Eigenvalue equations can

be used. To give on example as in quantum mechanics there exist a variational theorem
to determine to lowest frequency (or energy) eigenmode, the Rayleigh quotient

v x [ v x ﬁ(f)] — () = <w>2H(F) (22)

c

(H,0H)

Uf(H) = <ﬁ7]—_j> .

6that is the main reason why we are using the H field instead of the E field
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It is minimal for the lowest frequency eigenmode H,. Inserting the Ansatz from equation
21 into Maxwell equation 19 replaces the H field with the E field. Thus the Rayleigh
quotient changes to

(V x E,EV x E)
(B )
_JdF |V x B
| di e(P)|E(7)?

To minimise this functional one has to find modes which have high field amplitudes in the
high ¢(7) regions to maximise the denominator and modes with few spatial oscillations
to minimise the numerator. As we are looking at a Hermitian operator we know that
different eigenmodes are orthogonal to each other. If one finds the lowest frequency
eigenmode H, the next higher mode minimises the Rayleigh quotient in an orthogonal
subspace to H,.

Up(E) =

(23)

3.2. Symmetries

A useful tool to characterize the modes of photonic crystals are symmetries. In case of
photonic crystal fibers there is a continuous translation symmetry along the fiber axis and
discrete translation symmetries in transversal direction provided by the photonic crystal
cladding 7. A continuous translation symmetry means that a system shifted about any

X,y

Figure 12: Example for a photonic crystal fiber consisting of an array of glass rods

distance is indistinguishable compared to the unshifted system. In the particular case
of a photonic crystal fiber it means that any cross section along the fiber is equivalent.
The translation symmetry is described by a translation operator T; acting on a function
Tyf(r) = f(7"— d) with the vector d along the direction of the symmetry, for example
the dielectric function of a crystal with a continuous translation symmetry along the

"neglecting the core as a defect
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z-axis Tyz.e(z) = e(z — d) = (). Such a fiber may look like the fiber in figure 12.
As this operator describes the symmetry of the system it commutes with the master
operator ©. For a plane wave the eigenvalue equation for the translation operator is
Tye, €% = eh(z=d) — ¢=ihdeikz an( the eigenvalue is e ¢, One can proof that in case of a
continuous translation symmetry along the z-direction all eigenmodes have the functional
form

Hy (7) = %Rz, y)

so they are proportional to a plane wave propagating along the z-axis with a certain
wavevector k.. In other words the wavevector component along the symmetry axis is
conserved [35].

A discrete translation symmetry describes a system which is invariant under a trans-
lation of a certain length, the lattice constant. For example, in figure 12 is a discrete
periodicity along the y-axes, with the lattice constant b the distance between two rods.
The dielectric function is periodic e(7 + Ib) = e(7) where [ is an integer multiple and
b= be, the lattice vector along the symmetry axis. The volume of the dielectric that
is repeated to provide the periodic structure is called unit cell. The translation oper-
ator T); describing the symmetry is commuting with the master operator. It has plain
waves as eigenfunctions Tjze~ ¥ = e*u(=10) = e=ikulbeikyy - Ope hast to note that not all
values of k, lead to different eigenvalues. All values k, + l%” with | an integer number
lead to the same eigenvalue. Any linear combination of those eigenfunctions is again an
eigenfunction, therefore we can expand the modes of the photonic crystal in plane waves

ﬁky (7;*> x Z Eky,lei(kerlb)y
l

— eikyy Z gk%leilby (24)
l

The discrete translation symmetry allows us, again, to characterize the modes of a
photonic crystal, namely with the wavevector along the symmetry axis. Equation 24 is
know as Bloch-Floquet theorem which states that a eigenfunction of a periodic system
can be written in a product of a periodic function and a plane wave. Here iy, (y) is by
construction a periodic function, which can also depend on the other coordinates and
c,, are expansion coefficients. The periodic function is also known as Blochmode. A
Blochmode for a given wavevector k, and all other Blochmodes with the wavevectors
ky + 12F represent the same physical state. Also the frequencies w(ky,) = w(k, +12F) are
the same. This simplifies the problem to wavevectors from the interval —I[ 27” <k, <l Qf,
the Brillouin zone.

In the case of a photonic crystal fiber with a continuous translation symmetry along
the fiber axis and a discrete translational symmetry in x,y direction we can classify the
modes of the fiber with the transversal and the axial wavevector.

To find the modes a photonic crystal supports one has to solve the master equation,
see equation 22. Results of calculations are usually presented in bandgap diagrams
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which show propagating or evanescent modes for a certain propagation direction and for
certain frequencies.

3.3. Bandgap Diagrams

The idea of trapping light in a periodic lattice of microscopic holes in glass was first
reported by Russel in 1991 [7]. The first theoretical predictions of a system guiding
light in a hollow core were done by Birks et al in 1995 in [6]. They investigated a
photonic crystal, namely an array of hexagonal arranged hollow silica rods, similar to
the sketch in figure 12. Figure 13 shows the bandgap diagram for the hexagonal array

12

=

=
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m w
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6 7 & 9 iD 1 12
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Fig. 2 Full 2-D bandgaps (shaded) of silica/air structure described in
Iext

Figure 13: Bandgap diagram for a hexagonal array of circular rods, graph from [6]

of circular rods in a background of fused silica. The spacing of rods is A, the vacuum
wave constant or frequency is k = % and 3 is the wavevector component along the fiber
axis. For a given normalized frequency and propagation constant Ak, A3, transverse
wave vectors for eigenmodes of the photonic crystal are determined. The black areas
indicate imaginary transverse wavevectors and the white areas real valued transverse
wave vectors. An imaginary wavevector leads to an exponentially decaying, evanescent
field meaning light cannot penetrate this direction. The black areas therefore indicate
parameters where light cannot propagate in transversal direction.

The semi infinite bandgap on the right bottom part of figure 13 would be expected for
any material with refractive index n because at a fixed frequency w the maximal value (8
can take is nk, with n the refractive index of the region under consideration. For g < nk

light is free to propagate. As
kn = \/62 + (kj_)2

and if § > nk this equation does not have a solution and therefore no propagating mode
can exist.
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There are additional band gaps for lower 5 values with % =n < 1 less than the index
of air, which cannot appear in uniform dielectric materials. Adding any defect in the
centre of this structure which breaks the photonic crystal provides a core for the fiber.
Any guided mode with a wavevector from the photonic bandgap cannot penetrate the
photonic crystal cladding and therefore must be localised in the core.

Figure 14 shows two band gap diagrams, one for a doped SMF and one for a PCF
from [7]. The structure of the two fibers is indicated with the inlet on the top left corner
of every plot. The PCF has a periodic array of holes and a silica core in the centre.
The coloured regions indicate in which part of the fiber light is free to propagate. In the
dark blue region (1) it is free to propage in air, silica and the doped core (air, photonic
crystal, silica core for the PCF), in the light blue region in silica and the doped core
(photonic crystal and silica core for the PCF) and so on. In the black region (4) in both
plots is no propagation possible as 8 > kn.

For SMF guided modes appear if light is free to propagate in the core and evanescent
in the cladding (red strip in figure 14). The underlying guiding mechanism is TIR.
There is also a TIR region for the PCF, the yellow region in the band gap diagram (3).
On the other hand there are additional black areas indicating full photonic bandgaps in
transverse direction providing bandgap guidance. Some of the fingers even range into
the region where light is free to propagate in air. This fact provides the possibility for
photonic band gap guidance in air, although the refrective index of air is lower than the
refractive index of the photonic cladding. The bandgap diagram in figure 13 also shows
this feature. There are full two dimensional bandgaps for /k < 1.

The novel particle source takes advantage of this fact that light is confined in a small
core, which allows optical trapping and transport of nanoparticles.

3.4. Properties

PCF offer advantages compared to standard single mode fibers in particular due to
the design that allows to tailor properties as number of guided modes, birefringence,
numerical aperture, single mode broadband super continuum or endlessly single mode
fiber for all wavelengths. The review [36] gives a deeper inside into PCF.

The guided mode intensity distribution of a HCPCF can be described [8, 37| with

T az
I(r,2) =1J; (2.4§)e

with Jy the Bessel function of zeroth order, R the hollow core radius, I the intensity
and « the overall loss parameter of the fiber. The overlap with a Gauss mode profile is
close to unity. Hollow core fiber losses are cause by similar loss mechanisms as for single
mode fibers: Rayleigh scattering, confinement loss, bending loss, absorption, variations
in the fiber structure along the axis. This losses might be reduced to lower values than
for SMF as scattering and absorption losses are much lower in air than in silica. State
of the Art SMF have a loss of 0.2dBm/km which is so far out of reach for HCPCF.
The main loss mechanism seems to be surface roughness of the core walls, yet a loss of
3.5dBm/km was reported lately [38].
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Figure 14: Bandgap diagramm for a doped SMF and a PCF, graph from [7]
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4. State of the Art

Guiding particles through a hollow core photonic crystal fiber is not a new idea. First
particle guidance experiments using hollow core fibers were done by Renn et al. [39] with
atoms. This scheme was expanded to bigger particles in 1998 also by Renn et al. [40].
With continuous improvement and commercial availability of hollow core photonic crys-
tal fibers the number of similar experiments increased. In this chapter will summarize
some experiments on guiding particles in HCPCF and results related to this work.

4.1. Leviatation and Guidance of Particles in Air

Most of those experiments have a similar setup consisting of a particle source and one
(two) laser beams which are coupled into a hollow core photonic crystal fiber. Particles
from a source are brought close to the fiber entrance. The gradient force of a converging
laser beam centres particles on axis and the scattering force pushes them towards the
fiber. If there is just one laserbeam the particle is then launched into the fiber and
propelled through the hollow core. Having a second laser beam, typically orthogonal
polarised, entering the other end of the fiber adds a second scattering force pointing in
the opposite direction. By changing the power ratio of the two beams it is possible to
propel in both directions along the fiber.

The first particle guidance experiment with mesoscopic particles was performed in
1998 by Renn, Pastel and Lewandowski [40]. Hollow core fibers with diameters ranging
from 10 to 50um were used to guide particles between 10nm and 10pm size. They were
able to demonstrate guiding of a 7um polystyrene sphere in a water filled hollow core
fiber with a core diameter of 20pum and a laser operating at A = 800nm, P = 240mW.
Also in air filled HCPCF they were able to propel a variety of materials® at room pressure
with a laserpower P = 0.5W. There were two realisations of the setup, the first one with
a single laser beam coupled into the hollow core fiber as shown in figure 15 (without
piezoelectric source) and a second setup used two laser beams coupled into both fiber
ends as shown in figure 16. The range particle were transported is mentioned with
several cm. For water droplets, glycerin droplets and the crystals like salt the usage
of an nebulizer source is mentioned, no statement about how the other materials were
launched.

A second experiment about particle guidance through a HCPCF was reported by
Benabid, Knight and Russel in 2002 [8]. Figure 15 shows the setup of the Benabid et
al. experiment. They prepared 5um polystyrene spheres on a microscope cover glass
slide attached to a piezoelectric crystal. A green laserbeam (wavelength A = 514nm
, power P = 80mW) is focused through the cover slide into a HCPCF with a core
diameter of 20um. Driving the piezo on resonance (80 kHz) accelerates the particles
enough to overcome Van der Waals forces and to leave the cover slide. The free particles
were then guided by radiation forces towards the HCPCF, launched into the fiber and
transported along. The particle motion was monitored with two CCD cameras detecting

8water droplets, glycerin droplets, salt-, sugar-, KI-, CdTe-, Si-, Ge crystals and Au- ,Ag-metal particles
of sizes between 50nm and 10pm in a 17pm
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HCPCF

cover slide
piezo stack

Figure 15: Simplified setup of the Benabid et al. [8] levitation experiment

the scattered light from the particles. Guiding particles through the fiber was possible
over a range of almost 150mm with a speed of approximately 1 cm/s at room pressure.

f1 £2

Figure 16: Simplified setup of the Schmidt et al. [9] levitation experiment

Schmidt et al. [9] report trapping and guiding of micrometer sized particles in hollow
core fibers and a precise measurement method for the particle velocity and some material
properties of the particle. Figure 16 shows a schematic of their setup. A 1064nm
laser is split up with a halfwaveplate (%) and a polarising beam splitter (PBS). The
transmitted and the reflected part are coupled into a HCPCF with a core diameter of
12um. They prepared bum particles on a cover slide attached to a piezo and placed it
below an entrance of the hollow core fiber. Driving the piezo on resonance accelerates
particles enough to overcome Van der Waals forces and to leave the cover slide, as in
[41]. An optical trap was provided by a converging beam coupled into the fiber and a
diverging beam leaving the fiber. Once a particle is trapped in front of the fiber they
were able to move it into the fiber by changing the power ratio between the laser beams.
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Transport over distances up to 5m was reported. The particle velocity was measured
with a CCD camera and with a in fiber Doppler velocimetry, as in [42]. The scattered
light of moving particles and reflected light from the fibre entrance interfere. This
interference pattern contains the Doppler shift of the moving particle giving a precise
tool to measure its velocity. The velocity measurement and knowledge of the particle
radius allows characterisation of density and refractive index of the trapped particle.

In [43], a similar system as Schmidt et al. [9] is used for trapping micrometer sized
particles in front of a hollow core fiber. A part of the hollow core fiber is heated which
is then used to study photophoretic forces and thermal creep flow in the system.

core @ [um] radius a [pm] transport source

Renn et al.[40] 10-50 0.01-10 several cm  nebulizer source mentioned
Benabid et al. [8] 20 5 15 cm piezo
Schmidt et al.[9] 12 5 500 cm piezo

Figure 17: Summary of the key parameters (HCPCF core diameter, particle radius,
range a particle was guided, particle source) of the three mentioned state of
the art experiments above

4.2. Trapping of Particles in Liquid filled Hollow Core Photonic
Crystal Fiber

HCPCF

Figure 18: Schematic setup for transverse trapping in HCPCF

Trapping micrometer sized particles in liquid using hollow core fibers was reported
in [44] for studying microfluid drag forces and optical and chemical properties of the
particle. In [42] a Doppler velocimetry for a particle moving in a liquid filled hollow
core fiber has been reported. Several authors [45, 46, 47, 48, 49] report transverse
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trapping in hollow core fibers with a system exemplary shown in figure 18. One (or
two counterpropagating) laser beams are focused through the photonic crystal cladding
trapping a particle in a liquid filled hollow core.

It is worth mentioning that in none of the above reported experiments a standing wave
was used, either for trapping or changing the particle position. Despite the Renn et al.
experiment [40] no experiments with nanoparticles trapped in an air filled or vacuum
environment HCPCF were reported, see summary in figure 17.

We are going to use a standing wave to have additional control over the particle
position compared to solely scattering force based methods.

In this context the novel particles source experiment is the first one using HCPCF for
optical trapping and transport of nanoparticles into vacuum.
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5. Experiment and Methods

This chapter describes the experiment built to realize the novel particle source and the
methods which are used to transport and trap nanoparticles with HCPCF.

5.1. Experimental Setup

HP1 PBS1 HP2 PBS2

BE
2RI

R
AV
FI R
A x .

* HP3 QP1
w £2 f1 PBS3
e x [\ C1 :HgF: | C2 [\ x
v v
——aF

532 nm * oCh

Figure 19: Experimental setup: A infrared laser passes a Faraday Isolator (FI) and is
split up into a clockwise (CPB) and a counterclockwise (CCPB) propagat-
ing beams with HP2 (half waveplate) and PBS2 (polarizing beam splitter).
The overall power can be set with HP1 and PBS1. The CPB passes a beam
expander (BE) and is focused into the HCPCF (f1) whereas the CCPB is
focused (f2) into the other end of the HCPCF. The CCPB pathlength can
be changed with a retro reflector (R) on a translation stage. R transmits
roughly 10% of the impinging light on a photodiode (D). HW3 and QP1
(quater waveplate) are set to form a standing wave within the HCPCF. The
HCPCF connects loading chamber C1, connected with a nebulizer source,
with the science chamber C2. The green beam line is used to excite fluores-
cent nanoparticles and the camera (CCD) in combination with a Filter (F)
to detect them.

Figure 19 shows a simplified version of the experiment. Some polarizing optics for
power adjustment are neglected in the drawing for better overview. The vacuum chamber
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(C1) is connected with an nebulizer source, as described in chapter 5.2 and with a pump.
The vacuum chamber (C2) is only connected with vacuum pumps. One end of a 10 cm
long HCPCF is mounted inside the vacuum chamber C1. The other end is mounted in
chamber C2. A HCPCF (1060HC from NTKPhotonics) is used in this experiment (figure
11). Modeshape, dispersion, attenuation curve and other properties are listed in the data
sheet in Appendix A. The diameter of the hollow core is 10um, the mode field diameter
of the HCPCF is 2wy, = 7.5um and the loss coefficient is smaller then o < 0.1%. The
vacuum chambers are sealed with epoxy glue at the fiber entrance. A infrared laser
(Coherent Verdi IR25, A = 1064nm, P = 25W, frequency tunable up to Av = 3.2GHz)
first passes a Faraday isolator (FI) to protect the laser from back reflected light, is then
attenuated with PBS1 (polarising beam splitter) and a halvwaveplate (HP1) to choose
the overall power. It is split up into a clockwise (CPB) and an counterclockwise (CCPB)
propagating beam at PBS2. With the halfwaveplate (HP2) in front of PBS2 the power
ratio between both arms can be set. The beam size of the CPB is increased at a beam
expander (BE) to a waist of w = 3.2mm, focused with an achromatic lens, focal length
f=3bmm (fl1), into the HCPCF. The waist in the focal point matches the mode field
diameter of the HCPCF. The CPB is set to be horizontal polarised.

The CCPB is focused into the HCPCF with an achromatic lens, focal length f=18mm
(f2). To guarantee that both beams have the same polarisation and form a standing
wave, a halfwaveplate (HP3) and a quarterwaveplate (QP1) in the CCPB path can
be aligned accordingly. The two waveplates are optimized to have a minimum in the
reflected port at PBS3.

In the CCPB arm is a retro reflector (R) mounted on a translation stage which can
change the pathlength of the CCBP. One of the mirrors in R is a 90:10 beamsplitter
transmitting 10% of the CPB onto a photodiode (D) which is used for position read out
of the particle motion.

The second beam line with a green laser pointer (A = 532nm, P ~ 25mW) has been
used to excite fluorescent nanoparticles. The HCPCF tip was expected to scatter much
more light as a particle trapped in front. Fluorescence offered an easy way to separate
scattered light from a particle and the trap. The green laser is superimposed with
the infrared at PBS3 and focused (f1) into the HCPCF. The HCPCF does not support
green light but a particle trapped in front of the fiber can be excited. After realizing that
non-fluorescent particles can also be imaged, this part of the experiment was disabled.

A combination of a camera (CCD, Playstation Eye, infrared filter removed), a fluo-
rescent filter (F) and an achromatic lens with a focal length f = 30mm (not shown in
figure 19) images the front part of the HCPCF located inside the vacuum chamber. The
filter matches the emission spectrum of the fluorescent particles and suppresses 1064nm
light scattered from the fiber tip. For non-fluorescent particles the filter F is replaced
with a hot mirror suppressing roughly 95% of the impinging 1064nm light.

5.2. Evaporative Source and Particle Preparation

The experiment is performed with two different species of nanoparticles. First, 190nm
diameter fluorescent polystyrene spheres (FS02F /10353, Bangs Laboratories Inc.) were
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used. They can be excited with green light and have their emission maxima around
610nm. The second species are a = 127nm radius plain silica spheres (microspheres-
nanospheres.com). Loading particles was done similar to [11]. Both types of particles
are delivered in aquatic solution with a mass concentration of 10 %. It is diluted with
Isopropanol to a mass concentration of 0.1%c and kept for approximately 10min in an
ultrasonic bath. To get the particles airborne the solution is nebulized with a medical
asthma spry (Omron MicroAir) into mist with a maximum droplet size of 3 um, see
also McGloin [12]. The asthma spray is in a closed box which is connected with 1m
long and 6mm thick steel tube to the vacuum chamber. Mounted in between is a valve
to regulate the flow into the chamber and a diffusion dryer (Livermore Instruments).
This is a 30cm long tube filled with activated charlcoal which filters alcohols from the
air passing through. Isopropanol evaporates quickly after spraying and in combination
with the Diffusion Dryer this loading mechanism should provide a stream of airborne
nanoparticles. By opening the valve particles will float into the vacuum chamber and
get eventually caught in the optical trap.

5.3. Optical Trap

CPB and CCPB have equal polarisation and are focused into a HCPCF forming a
standing wave as described in chapter 2.2. The mode profile inside the HCPCF can
be approximated with a TEMOO, see chapter 3.4. The trap depth is constant within
the HCPCF because waist and power do not change. The trap potential inside the
HCPCEF is described by equation 7 with w(z) = wy. The waist after the HCPCF is

2
not constant any more w(z) = wpy/1+ (i) and therefore the trap depth decreases

further away from the fiber end (at z = 0). There will be a range where trapping in
front of the HCPCF is still possible depending on the trap depth. Light is coupled into
the HCPCF with efficiencies between 50% and 70%, depending on the quality of the
cleave, see Appendix B. The attenuation for 1064nm light in the fiber is specified with
0.1% and is therefore negligible for a 10cm long piece of fiber. Optical trapping and
particle transport was typically done with 2W (or 1.5W) optical power in the CPB and
CCPB, always measured in transmission of the HCPCF. The calculated trap depth is
then 2.5 x 10°K (or 2 x 10°K) inside the HCPCF for a 127nm silica particle (equation
7). The kinetic energy of a thermalized particle is kg7 at room temperature (T=300K)
and therefore 830 (660) times smaller than the trap depth. The radial root mean square

displacement by a thermal 127nm silica particle is then rms = 35‘3? ~ 120nm (140nm),
much smaller than the HCPCF core.

Figure 20 shows the trap depth in the HCPCF trap in dependence on the particle size
with an optical power of 1.5 W.

Particles are trapped in the following steps. First, the two beams are aligned with
sufficient power to the HCPCEF'. Secondly the loading chamber is pumped below 100mBar
to be able to suck nanoparticles from the nebulizer through the tube into the chamber.
The valve in between is then carefully opened letting particles flow into the loading
chamber. In order to capture particles it is necessary to let the pressure in the chamber
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Figure 20: Trap depth Uy of a standing wave with 1.5 W optical power for silica
spheres depending on the radius a

equilibrate with room pressure. After closing the valve and waiting a few seconds a
particle will be trapped in front of the HCPCEF.

5.4. Moving Mechanisms

As soon as a particle is trapped in front of a HCPCF there are several ways to change
its position.

5.4.1. Particle Propelling

One beam can be blocked in order to harness the scattering force Fy..i; from the other
beam to accelerate the particle. The final velocity of the particle depends on the scat-
tering force and the drag force within the HCPCEF. The equation of motion is

Fsca
5= —ryp 4 220 (25)
m

where the scattering force is constant over the entire fiber length and v the damping rate

(equation 10). The solution of equation 25 is z(t) = fheant — el + ¢y with 1, ¢y the

v v
initial conditions. For an initially resting particle the velocity is v(t) = featt (1 — e*'yt).
The inverse damping rate 7 is telling how fast the particle reaches its final velocity
Voo = tlim v(t). Figure 21 shows the velocity of a 127nm silica particle at room pressure

(blue curve) and at 100mbar (red curve) for an optical power of 1.5W.
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Figure 21: Velocity of a 127nm silica particle in a HCPCF accelerated by the scatter-
ing of one beam with 1.5 W optical power at room pressure (blue curve)
and at p = 100mBar (red curve)

5.4.2. Particle Motion due to an overall Frequency Change

Another way to change the particle position can be implemented via an overall frequency
change of the laser. PBS2 in figure 19 splits the laser into two counterpropagating beams
where one roundtrip has the optical length L. The light field at any position z within
the roundtrip is the superposition of the CPB and the CCPB beam

. . 2
ezkz + e—zk(z—L)

I(z) x

2

_ eik(z—%)_‘_e—ik(z—%)

L
_ 2 _ =
= 4 cos [k(z 2)}
At half the optical path length % is always an intensity minimum /(z = %) = 0 inde-
pendent of the laser frequency.
A particle is trapped in an intensity maximum, where cos?(kz) = 1 such that the

particle position z is always a multiple of half the wavelength z = n2. Changing the

2
wavelength of the laser from A to N’ = A + A\ changes the particle position to 2/ = n%,

as it stays in the same intensity maximum. The position change of a trapped particle
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in a standing wave induced by a frequency change is therefore

d(z, Av) = g’;m - gm (26)
AN Av
RZ—— =2—. 2
= (27)

Figure 22 sketches the mechanism. The red line is a standing wave with a trapped
nanosphere (indicated by a dotted circle). Changing the laser frequency moves the
intensity maxima closer together (blue line) and therefore the nanoparticle (black circle)
closer to the intensity minimum %

>

L/2

Figure 22: A particle (dotted circle) is trapped in a standing wave (red line), an over-
all frequency change squeezes the maxima closer together (blue line) and
changes the particle position (black circle)

Laser frequency noise will lead to modulations of the particle position. In this setup the
Verdi IR25 is specified with a linewidth of §Arv = 2.5MHz causing a position uncertainty
due to laser noise Ad(z,v) = ZMTV ~ dnm at a particle position z = 0.55m which is less
than the root mean square displacement rms =~ 6nm of the thermal motion of a particle
in axial direction with a radius a = 127nm.

5.4.3. Particle Motion due to Displacement of the Standing Wave

The counter propagating beams build a standing wave for equal powers and polarisations
where the scattering forces cancel. A particle will always be trapped in a particular
intensity maximum. Moving the whole standing wave also moves the particle trapped
in this particular intensity maximum.

A simple and effective mechanism to move the standing wave is implemented in this
setup. Two mirrors perpendicular to each other form a retro reflector (R, figure 19),
mounted on a translation stage. By moving the stage about a distance [ the length of
one roundtrip is increased by 2/[. The number of maxima between the particle and the
intensity minimum at % is conserved and so is the distance between the particle and é
The new length of the roundtrip after moving the stage is L,, = L + 2[. The old centre
position % and the new centre position % differ by [. As the difference between this
position and the particle is conserved and the particle stays always in the same intensity
maximum the particle also moves by [.

Another implementation of this transport mechanism can be done by changing the
frequency of one of the two counter propagating beams. The standing wave is no longer
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stationary, it moves with a certain velocity depending on the frequency difference be-
tween CPB and CCPB as in [50] which is called optical conveyor belt.

5.5. Position Read Out

The read out of the particle oscillation is based on the scheme explained in chapter 2.6.
In this setup, only the particle motion along the z-direction is monitored. Two different
cases have to be considered.

First, a particle trapped in front of the HCPCF leads to the signal calculated in
equation 16. The CPB gathers a Gouy phase of —i% between trap position and detector
(D) whereas the dipole radiation of the trapped particle contains a phase depending on
its displacement. The part of the CPB which is not affected by the trapped particle
acts as a phase reference with which the phase shifted scattered light from a displaced
particle can be measured. This signal is separated from the CCPB at R (figure 19), then
gathered on D and evaluated with a spectrum analyser.

Secondly, the phase relation between scattered light from a dipole inside the HCPCF
and the phase reference beam is expected to be different. Far away from the dipole its
emission is in the HCPCF mode as the HCPCF is a mode filter for the dipole scatterer.
The additional phase ¢p the dipole radiation gathered in the filtering process determines
the interference signal measured on D and is unknown so far.
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6. Disscussion and Results

In this chapter the different procedures discussed before have been realized with the
experiment presented in figure 19.

6.1. Trapping

The very first result was trapping of a fluorescent polystyrene sphere with a radius
a = 95nm in front of a HCPCF. The particle was excited with the green beam line,
described in chapter 5. Capturing was just possible at room pressure, but after trapping
pumping down to approximately 10 mbar was possible. For lower pressures the particle
was lost.

Figure 23: Two 95nm silica particles (arrows) trapped in front of a HCPCF (indicated
by the dashed line)

Figures 23 show fluorescent particles trapped in front of a HCPCF. The particle in the
right figures scatters red fluorescent light, while the particle in the left figure seems to
scatter (for some unknown reason) more infrared light which appears white on the image.
As we could observe particles using light at 1064nm despite of bacground scattering from
the HCPCF tip plain silica spheres with ¢ = 127nm (and a = 580nm) where trapped
under the same conditions as for the polystyrene spheres. Instead of a fluorescence filter
in front of the CCD an attenuator was used.

Capturing particles required at least 1.5 W optical power from both sides, but the
minimal power required was not investigated. Although the trap depth provided by 1.0
W of optical power should be sufficient to trap a 127nm silica particle (Uy = 1.5 x 10°K)
it did not work. By just increasing the power to 1.5 W and capturing particles again,
misalignment could be ruled out as a reason. The thermal energy at room temperature
(300K) cannot be the only contribution to the kinetic energy of the particle which has
to overcome the trap depth to make a particle escape. It seems that other effects due to
the high damping at room pressure dominate the kinetic energy of the particle.
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Figure 24: 6 sequential pictures of a 95nm fluorescent polystyrene particle transported
inside a HCPCF (fiber entrance indicated by the vertical blue line), re-
moved and held again in front of the HCPCF

6.2. Particle Transport

Particles transport has been demonstrated with different mechanisms, see chapter 5.4.
After trapping a particle in front of the HCPCF the particle was shifted into the fiber
and taken out again by moving the standing wave with the retro reflector and the
stage. Figure 24 shows 6 pictures of a 127nm silica particle moving inside a HCPCF
(fiber entrance indicated by the vertical blue line) at room pressure. The particle was
transported to the end of the field of view and back out again. Particle transport up to
2.5cm was achieved by this method only limited by the range of the linear stage.

After succesfully moving a particle into the HCPCF blocking the CCPB propelled
a particle along the fiber as the scattering force of the CPB accelerates the particle.
With this method particles could be moved over the whole fiber length, 10cm in this
particular case. By unblocking the CCPB the particle immediately stopped. Figure 25
show pictures of a CCD camera before and after blocking the beam. A shutter with
an opening and closing time of 100ms is used for blocking. The distance between the
first and the second arrow in figure 25 is approximately 27mm and 22mm between the
second and the third arrow. The velocities are then 2707 and 220®. The pressure
in the region where the particles were moved is expected to between 1000 and 700mbar
(figure 29). Given an optical power of 1.5 W in the CPB, a 127nm particle is expected
to have a 10x smaller final velocity, see chapter 5.4. Thus we can only assume that a
larger particle or a small cluster of particles has been transported. From the measured
velocity and the optical power used the radius of the nanoparticle is expected to be
around 200nm (chapter 5.4).
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Figure 25: Three sequential pictures of a particle (arrow) pushed through a HCPCF
by the scattering force (P = 1.5W) of the CCPB while the CPB was
blocked with a shutter for 100ms. Each picture shows the particle after one
shuttering cycle

Position change by an overall detuning of the laser frequency can be used as a precise
particle positioning tool. Figure 26 shows the maximal displacement achievable for a

S W =T

Figure 26: A 127nm silica sphere trapped inside the HCPCF at two different positions
(vertical blue lines indicate the centre of the trapped sphere in the first and
second picture). A frequency detuning Av = 3.2 GHz of the standing wave
displaces the nanosphere

particle trapped at z = 0.55, measured from %, as explained in chapter 5.4. The top

picture is before and the bottom picture after the frequency change. The displacement
extracted from the CCD camera is d = 7 & 2um which agrees with the expected value
d= z— = 5.7um for a detuning Av = 3.2GHz.

All three moving mechanisms have been demonstrated at room pressure (or slightly
lower) in science (C2) and loading chamber (C1).

6.3. Position Readout

Figure 27 shows noise-power spectra (NPS), measured as described in chapter 5.5, of a
trapped nanoparticle in front of and in the HCPCF.

The blue curve shows the NPS of a trapped 127nm silica sphere in front of and the red
curve inside (approximately 1lmm) a HCPCF. The mechanical frequency of the particle
in front is expected to be smaller as inside because the intensity is lower before the
HCPCF. The green curve is the corresponding background signal, a NPS taken with
the same experimental parameters but without trapped particle. It contains laser and
electronics noise and will be subtracted from the particle NPS to reduce the overall
noise level. Fitting the subtracted spectrum of the particle in front the fiber to equation
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Figure 27: Noise-Power Spectrum of a trapped 127nm silica particle in front of a
HCPCF (blue curve), inside a HCPCF (red curve) and a background noise
power spectrum without particle (green curve)

13 gives the mechanical frequency and damping rate of the system. As pointed out in
chapter 5.5 the phase relation between scattered light from the particle inside a HCPCF
and the CPB is not yet known to us. However a signal from a trapped nanoparticle
inside a HCPCF can be measured and be related to the particle motion.

The position read out is then used to test the frequency-power dependence of the
optical trap. A 127nm silica particle is trapped in front of the HCPCF and the power
of both arms was simultaneously changed using HP1 and PBS1 (figure 19). First, a
NPS with particle is taken for each power and later a NPS without particle for each
power. The mechanical frequency from the subtracted NPS is plotted against a power
Pp proportional to the power in the trap in figure 28. It is measured in transmission of
the 90:10 beamsplitter in R from the CCPB. The blue curve is a fit of f(P) = consty/P
to the measured data, as the mechanical frequency is proportional to the square root of
power (equation 9). The free fit parameter const covers the material properties and the
conversion factor from the measured power to the power in the trap.
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Figure 28: Frequency power measurement of a trapped nanoparticle in front of the
HCPCEF. The mechanical frequency is plotted against optical power Pp pro-
portional to the power in the trap (red dots) and a square root function in

power is fitted (blue curve)
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7. Conclusions and Qutlook

The aim of this thesis was to build a novel particle source, an experiment capable
of transporting nanoparticles from a nebulizer source to a desired place in a science
chamber, compatible with UHV experiments. Trapping nanoparticles of the desired size,
especially 127nm which are used in [11], in front of a HCPCF and transporting it inside
a HCPCF was shown. Three different moving mechanisms (chapter 5.4) to transport
particles were successfully demonstrated at room pressure. Also position readout of the
motion is implemented.

Those three different moving mechanisms in combination allow a particle transport
over arbitrary distances with high precision, better than the thermal motion of the
particle. By blocking the CCPB long distances over the whole HCPCF length can be, in
principle, covered and was shown for 10cm. The particle was stopped, by unblocking the
CCPB, within 2.5cm distance to the desired end position, which can then be overcome
by moving the particle with the stage and the retroreflector (R, figure 19). A final high
precision alignment of maximal 5um can be achieved by laser detuning only limited by
laser noise which leads to a position inaccuracy of 5nm.

This setup provides now two of the three required features of the introduction. A par-
ticle source which allows transport of nanoparticles from a separated loading chamber,
containing a nebulizer source, into a clean science chamber without contamination at a
defined place is possible. Secondly it allows control over the amount of nanoparticles
delivered into the science chamber.

To realize the third requirement, loading at UHV conditions, two further aspects has
to be considered.

First, it was shown that the HCPCF can overcome nine orders of magnitude in pressure
from loading chamber to science chamber. Adding an intermediate chamber to the
source allows to bridge even more orders of magnitude. Therefore this system provides
the pressure requirements for an UHV experiment.

The second aspect is more crucial and not investigated in this thesis. Other exper-
iments report loosing particles in an optical trap below approximately 1 mbar [11, 13]
for yet unknown reasons. It is likely that the HCPCF trap will face the same problems.
It is interesting to know where this critical pressure occurs in the HCPCEF. There is few
work done on pressure distributions in small tubes connecting a high pressure reservoir
with a low pressure reservoir. The only publication know to the author providing an
experimentally verified theory (from room pressure down to bmbar) is [24]. Based on
their calculations figure 29 shows the pressure distribution along a 10cm long tube with
a core diameter of 10um. It is connected with a high pressure reservoir (1000mbar) on
one end and a low pressure reservoir (220mbar) on the other. One of their claims is that
the theory also holds true for lower pressures. The inset shows a pressure distribution
for the same tube but connected with a low pressure reservoir at 10~ "mbar. If this dis-
tribution holds true the pressure drops from 10mbar, a pressure where trapping should
still be possible, to the low pressure of 10~"mbar in the last 100gm in the HCPCF.
Therefore it is worth continuing the approach started in this thesis. One could think of
building the HCPCF source in a vertical arrangement, transport a nanoparticle close to
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Figure 29: Pressure distribution along a 10cm long tube with a core diameter of 10um
connected with a high pressure reservoir (1000mbar) and a low pressure
reservoir (220mbar). The inset shows the pressure distribution between
room pressure and 10~ mbar, based on calculations from [24]

the fiber end where the critical pressure occurs, switch the light off and let the particle
fall due to gravity into an experiment below the HCPCF.

On the way there the pressure distribution along the fiber predicted by [24] can be
tested as this experiment can measure damping rates and therefore the pressure on any
position in the HCPCF.

Last and most important as promising results were achieved in terms of position con-
trol, particle number control, non-contamination and the outlook of UHV compatibility
our experiment on cavity cooling of levitated nanospheres [11] will be equipped with this
source.
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A. HC-1060 Data Sheet

L]
L[]
N K T :0 Ph0t0n|CS Crystal Fibre « aeroLASE « Koheras « SuperK

«* the power of light

Spectral
Filtering

HC-1060-02 -0

Hollow Core Photonic Bandgap Fiber for 106onm Range Applications

»95% of optical power located in air
Quasi-Gaussian fundamental mode

Can be filled with gas

Low bend loss down to few mm bend radius
Fresnel reflection to air at the end faces <10

Up to 80% of fiber cross section composed of
solid silica, facilitating fusion splicing to con-
ventional fibers

¢ Undoped silica for good temperature stability

Hollow core photonic bandgap fibers guide light in a hollow Typical attenuation and dispersion

core surrounded by a microstructured cladding formed by a

periodic arrangement of air holes in silica. 0T i‘z
Since only a small fraction of light propagates in glass, the ef- b 300
fect of material nonlinearities is significantly reduced and the 7 120 556 E,'
fibers do not suffer from the same loss limitations as fibers H i 3
made from all solid material. =40 . H
Applications include power delivery, pulse shaping and —é 90 -100 %
compression, sensors and nonlinear optics. £y 20 3

80 :x

Physical properties % i
Core diameter” 10 ym + 1 ym 990 1010 1030 1050 1070 1090 1110 1130 1150
Pitch 2.75 um Wavelength [nm]

Air filling fraction PBG region >90%

Diameter of holey region 50 ym

Cladding diameter 123 pm £ 5 pm Typical near field intensity

(ingleayer acnate) 220 pm # 50 pm *

08

Optical properties 2

Center wavelength 1060 nm § 06 .
Attenuation @ 1060 nm <0.1dB/m g 04

Dispersion @ 1060 nm 120 ps/nm/km §

Dispersion slope @ 1060 nm 1 ps/nm?/km 02

Dispersion slope @ zero disp. wavelength 4.4, ps/nm?/km .

10 dB width of transmission band >90 nm -10 5 0 5 10
Fraction of light in air >90% Fostton il

Mode field diameter (1/e?) 7.5 UM 1pm

Effective mode index ~0.99

Mode shape overlap with std. SMF >90%

* Core formed by removing 7 hexagonal unit cells of the cladding HC-106
-1060-02-100409

NKT Photonics A/S (Headquarters) NKT Photonics GmbH NKT Photonics Inc.
Blokken 84 e 3460 Birkergd e Denmark Schanzenstrasse 39 e Bldg D9-D13 1400 Campus Drive West e Morganville

Phone: +45 4348 3900 51063 Cologne e Germany NJ 07751 o USA
Fax:  +45 4348 3901 Phone: +49 221 99511-0 Phone: +1 732 972 9937
www.nktphotonics.com Fax: +49 221 99511-650 Fax: +1 732 414 4094




B. HCPCF Cleaving

Figure 30: Three different cleaves with a Fujikura CT-30

QIO

Figure 31: Three different cleaves with a VF-15-H

Ol010

Figure 32: Three different cleaves done manually with decreasing tension on fiber ends
(from high tension left picture to no tension right picture)

One crucial parameter to maximise the coupling of light into a HCPCF is the quality
of the cleave. From my personal experience it is not as straight forward as cleaving
a SMF. I tested two different cleavers from different companies (Fujikura CT-30 and
VF-15H) which did not produce sufficiently good results. A cleave is called good if the
surface and the photonic crystal is smooth and without bumps. The ambition is having
a cleave as shown in the data sheet of the HC1060 (Appendix A). Figure 30 shows three
different cleaves from a Fujikura CT-30. The silica cladding looks ok but there are a lot
of bumps in the photonic crystal cladding. Figure 31 shows three different cleaves done
with a VF-15H. The silica cladding looks worse compared with the Fujikura cleaves but
the photnic crystal cladding is smoother. Figure 32 shows three different cleaves done
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by hand. First, they were carved with a fiber scribe and than manually cracked. The
differences in the cleaving quality depends on the tension applied on the fiber during
cracking. From left high tension to right no tension at all. The quality of the cleave on
the right side in figure 32 without tension was the best achievable. A flat and smooth
silica and photonic crystal cladding. This cleaving result is repeatable with the described
procedure.
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C. Zusammenfassung

Mit Licht gefangene, kleine Kiigelchen in Ultrahochvakuum gewinnen an Aufmerk-
samkeit als optomechanisches System fiir Tests von fundamentalen Fragen der Physik
[1, 2, 3, 4, 5]. Eine der Herausforderungen solcher Experimente ist die Praparation von
nanometer groflen Teilchen im Ultrahochvakuum.

Vorgeschlagene Teichengroflen liegen typischerweise um 100nm. Die beiden iiblichen
Methoden zur Praparation sind ungeeignet. Abschiitteln kleiner Teilchen von piezoelek-
trischen Kristallen ist durch Van der Waals Krafte limitiert. Der Zugang basierend auf
Nanoteilchen in Flissigkeitstropfen ist schadlich fiir ein Ultrahochvakuum.

Diese Arbeit stellt eine neue Teilchenquelle vor die optisches fangen mit photonis-
chen Hohlkristalllichtleitern kombiniert. Der Hohllichtleiter hat ein Loch von 10um
mit dem man eine Verneblungsquelle mit einer Experimentenkammer verbinden kann.
Eine optische Falle durch den Lichtleiter ermoglicht das Fangen eines Teilchens von
der Verneblungsquelle und einen kontrollierten Transport durch den Lichtleiter in die
Experimentenkammer.

Das durchgefiihrte Experiment demonstriert die grundlegenden Funktionsprinzipien
des Transports von Nanoteilchen einer Verneblungsquelle durch einen photonischen Hohlkristal-
llichtleiter in eine Experimentenkammer bei Raumdruck. Der Aufbau erlaubt hohe Po-
sitioniergenauigkeit und Charakterisierung der Dynamik von Nanoteilchen. Es wurde
gezeigt, dass das System kompatibel mit einer Ultrahochvakuumumgebung ist. Des
Weiteren ist das System vielversprechend den Transport eines Nanoteilchen in Ultra-
hochvakuum zu ermoglichen.
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