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Abstract Contact-free trapping and manipulation of light absorbing micrometer- and nanometer-scale particles in air and in vacuum utilises radiation
pressure, which results from momentum transfer from photons, and a pressuredependent thermal force, caused by momentum transfer from gas molecules to
the confined particles. Both forces are linearly proportional to the illuminating
laser intensity, and both push the particles towards regions of lower intensity.
While the radiation pressure of light was predicted and described more than a
century ago, the theory of thermal forces, the so called photophoretic force, is
still under development. It depends on a number of poorly described factors,
such as the temperature gradient across the illuminated particle and thermal
creep of heated gas along the particle surface due to temperature and pressure
gradients. In this thesis I use doughnut-shaped structured laser beams to
levitate and guide light-absorbing micron-size particles aiming to uncover the
optically induced forces in air at variable pressure ranging from 10 mbar to
2000 mbar. First, I designed and built a counter-propagating optical pipeline
to uncover the influence of polarisation on the particle movement. Second, I
designed and constructed a vertically directed diverging vortex beam trap, a
‘funnel’ trap, to conduct a quantitative evaluation of the photophoretic force and
trapping stiffness by levitating graphite particles and carbon-coated glass shells
of calibrated sizes in a carefully characterised vortex beam. Third, from the
measured size of the particles and the position of the particle in the beam on the
one hand, and the known density of the particles and the intensity distribution
of the funnel trap on the other hand, I characterised the optically induced
thermal forces in the axial and transverse directions. Fourth, I compared the
contribution of thermal force to the light-pressure force and their dependence
on atmospheric pressure. Based on the results of my experiments I determined
the parameter space for guiding particles with hollow-core vortex and Bessel
beams, taking into account the particle speed, size, and offset from the laser
axis, all linked to the optical beam properties such as beam divergence, optical
polarisation and power. The results of this thesis are used in the development
of a touch-free optical system for pin-point delivery of macromolecules to the
X-ray focal spot at the Free Electron Laser facility at the DESY (Deutsches
Elektronen-Synchrotron) synchrotron in Hamburg, Germany, for coherent
diffractive imaging experiments on nanometer-scale morphology. I conclude
with a discussion of avenues for future work in contact-free manipulating of
particles with structured laser beams to enhance significantly the efficiency of
nanometer-scale morphology of proteins and biomolecules.
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The mechanical effect of light on matter was first noticed by Johannes Kepler four
centuries ago. Intrigued by his observation that the tail of a comet points away
from the sun at all times, he attributed it to solar light pressure. The fact that
electromagnetic radiation exerts a pressure was first predicted by Maxwell and
proven experimentally by Lebedev[1] and Nichols and Hull[2] in 1901. The ability to
apply macroscopic forces through radiation pressure gave rise to the field of optical
tweezing, a non-contact method to trap and manipulate particles with a laser beam
tightly focussed by a high-numerical-aperture microscope objective[3–5].
The vast majority of optical tweezers experiments, however, were carried out
with particles immersed in liquids, where the viscosity of the surrounding medium,
i.e. the resulting drag force, simplifies the trapping by dampening thermal motion.
Trapping airborne particles is a development of the last few years, with early pilot
studies carried out with liquid aerosols[6]. The move from heavily overdamped
trapping in liquids to underdamped environments is hampered by the difficulties
associated with trapping particles in air, namely a strong photophoretic force pushing
objects away from the intensity maximum. Transitioning to an underdamped regime
and therefore including the consideration of particle mass has led to the observation
of parametric oscillations of trapped aerosols[7] and critically, the experimental
observation of the instantaneous velocity of a Brownian particle in air[8].
The main difficulty in optically trapping absorbing particles in air is the presence
of an additional, strong influence of a photophoretic force[9–11]. Photophoresis
converts light to mechanical energy via a chain of events. Absorbed light heats the
1
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surface of the particle, which causes molecules of the surrounding gas to scatter, or
recoil, with increased kinetic energy. Critically, if the surface is heated unevenly, the
resulting imbalance in momentum exchange propels the particle away from regions
of high light intensity. Even moderate light absorption can produce photophoretic
forces orders of magnitude larger than radiation pressure forces, rendering opaque
particles impervious to conventional optical traps. This force depends on the particle
size relative to the mean-free path of gas molecules, absorption of laser light, and
thermal conductivity rather than refractive index of the particle. When an incident
light beam non-uniformly heats the surface of the particle, the applied photophoretic
force propels it along the intensity gradient in search of a less illuminated region
within the beam geometry. This is in stark contrast to standard optical tweezers in
liquids, where a gradient force moves particles towards local intensity maxima in
the beam. Several applications have realised similar low-intensity regime trapping
for particles with low refractive index, such as confining ultrasound contrast agent
microbubbles with circularly scanning tweezers creating a “dark-region” trap[12].
The key to the new concept of trapping and guiding particles in air is flexible
control over the shape of the laser beam. Instead of more conventional Gaussian
beams, we used a Laguerre–Gaussian beam[13], a doughnut-like intensity structure
with a ring-shaped intensity maximum, a ring of light surrounding a dark core,
and a phase structure of intertwined phase fronts. Both radiation pressure and the
photophoretic force are directed toward the lower intensity, which guides particles
into the dark core of optical vortices.
The first part of this thesis aims to uncover the optically induced forces trapping and guiding strongly absorbing particles in both air and vacuum with hollow
core vortex and Bessel-like beams. The second part will revolve around two direct
applications of this work, which I have developed over the course of my research
candidature, and which continue to be developed.

1.1

Optical trapping in air

The interaction of light with airborne particles is characterised by the Knudsen
number Kn, which is the ratio of the mean free path of the gas molecules to the size
of the particle. For small particles and low pressure, the photophoretic forces can
be estimated by kinetic theory. This force is comparable to the radiation pressure
for both weakly and strongly absorbing particles. For low Knudsen numbers, i.e.
where the particle is much larger than the mean free path of the gas molecules, the
2
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nature of the interaction has a different mechanism: the motion is due to the thermal
creep phenomenon. The thermal creep phenomenon is a rarefaction effect, which
is related to the temperature gradient along streamlines of the gas. Not pressure
but temperature driven, the gas moves in the direction of increasing temperature.
Gas molecules slide over the particle surface and the corresponding tangential stress
tends to move the gas from colder to hotter parts of the surface. The temperature
difference, in turn, depends on the wavelength-dependent absorption of laser light
on the particle surface, and on thermal conductivity. The momentum transfer follows
the gradient from hot to cold, thus the particle moves away from highly illuminated
areas. The available experimental literature suggest that photophoretic force has a
maximum when the particle size is equal to the mean free path. Up to date, no theory
has been developed unifying laser trapping by radiation force and photophoretic
force, and there is no united approach, which would cover the difficult to understand
transition between kinetic theory and thermal creep phenomena. This range is of
particular interest for optical trapping and transport of macromolecules.

1.1.1

A short history

The field of optical trapping was set in motion by Arthur Ashkin’s seminal paper on
the observation of a single-beam gradient force optical trap for dielectric particles[14]
in 1986, then a scientist at the renowned Bell Laboratories. As early as the late
1960’s, Ashkin was working on manipulation of objects with light, publishing on
the acceleration and trapping of particles by radiation pressure in 1970.
Over the last decades, the field has grown exponentially. While work first focused
on the elementary physics enabling stable trapping[15], the concept soon found
use in many blooming interdisciplinary areas of biophysics. With the use of optical
tweezers, some of the smallest forces in life were able to be observed[16]. The
measurement of the force generated by a single molecule of the mechanochemical
enzyme kinesin, which transports cargo within organic cells, was achieved using
optical tweezers[17].
Optical tweezers have evolved from highly specialised setups buried deep within
research laboratories to laboratory tools available off the shelf from an ever-increasing
number of suppliers. No longer requiring expertise of a degree-trained physicist to
operate, they have enabled unparalleled understanding of many colloidal processes.
Utilisation of optical tweezers in millikelvin cooling has enabled the measurement
of the instantaneous velocity of a Brownian particle, directly validating the energy
equipartition theorem for Brownian particles[8].
3
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Optical tweezers have dominated the field of optical trapping of the last few
decades, however, optical tweezers employ the gradient force and operate mostly
in liquid environments, and thus are unacceptable for x-ray coherent diffraction
imaging of biological structures due to high background scattering. The forces
involved in optical tweezers are weak, which propelled this technique to fame as it
allowed measurement of extremely weak forces. The aim of this work is to expand
the vast experience accumulated in optical tweezers in the last two decades into
gas media, with significant influence on the photophoretic force which is absent in
liquids. For direct application in single particle imaging experiments at free-electron
lasers, see Ch. (5), we require monodisperse biological samples with a minimum
amount of background scatterers (inert gasses are used to reduce scatter over e.g. a
liquid carrier).

Key limitations of optical tweezers for the applications presented in this work
are the very weak forces, short interaction distances and the need to work
without a supporting medium, which is common in optical tweezer setups.

1.1.2

Current state of optical trapping in air

Optical trapping and transport of particles in air with singular optics has recently
been demonstrated[6, 9, 10] to work over distances large compared to the spatial scale
of optical tweezers[14] and optomechanics[18], allowing for touch-free manipulation
and delivery of microscopic targets in potentially hazardous environments or where
contamination of biological samples must be avoided, such as containers filled with
live cells and proteins.
Many objects of interest for microscopy are not transparent, and as such, cannot
be manipulated by conventional optical tweezers, which rely on the net momentum
imparted on a particle by a large number of photons passing and refracting through
it. In turn, this means that these objects are not attracted to regions of high intensity,
but repelled. As such, optical trapping requires the use of hollow core beams, such
as optical vortices or first-order Bessel beams.
In addition, optical transport over meter-long distances in can utilise not only the
direct momentum exchange of scattering photons and a trapped particle, but also the
more indirect thermal forces, coined photophoretic force when first discussed[19] by
Viennese physicist Felix Ehrenhaft in 1910, who observed light dependent trajectories
4
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of particles suspended in gas. Given a non-uniformly heated surface, which can be
achieved by irradiating an object with a directed light source such as a laser, the
isotropic distribution of molecules in the surrounding gas or liquid to scatter with
different momenta, particles bouncing off a hot area will acquire more energy and
higher speed than those reflected from cold areas. For strongly absorbing, opaque
particles the resulting net momentum is directed towards lower irradiation intensity.
For very small particles in the Rayleigh limit, scaling laws cause the gradient force to
be much larger than reflection forces. However a detailed treatment of this regime
would involve Rayleigh/Mie scattering, which is beyond the scope of this work.
Transparent particles may move backwards in the laser beam due to the intensity
being focused on and heating of the far side of the particle, or due to low enough
reflectivity and large enough size causing gradient force to exceed scattering forces.

Optical trapping in air allows for the guiding and transport of absorbing
particles over meter-long distances, allowing for completely contact-free
manipulation and delivery of microscopic targets.

As the photophoretic force strongly depends upon the heating of a particle due
to the incident laser light, the force must strongly depend on both the absorptivity
of the particle, which establish the amount of light energy transferred to the particle
itself, and its thermal properties, which establish the temperature gradient across
the particle. Thermal conductivity thus plays a role in that the particle must be
sufficiently non-conductive, as thermalisation competes against the non-uniform
heating.
Finally, the total thermal force must depend on the gas pressure, or more accurately, the particle size relative to the mean-free path of the surrounding gas
molecules.

1.2

Light-induced forces

The interaction of any particle with light gives rise to forces than can trap it. While
there are a number of related phenomena, we can speak of two types of forces. This
section will discuss in more detail the cause and consequences of radiation and
photophoretic pressure.
5
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1.2.1

Radiation pressure

Radiation pressure can be explained by the transfer of momentum between a
macroscopic object and the photons impacting it.
At odds with Isaac Newton, who considered the solar repulsion of the matter in
comets’ tails to be analogous to the rising of smoke in our atmosphere, the notion
of a force derived from the presence of light was established as early as the 17th
century, by mathematician and astronomer Johannes Kepler in de cometis libelli tres..
That radiation can carry momentum was shown conclusively only at the beginning
of the 20th century[1, 2]. Taking into account the nowadays common notion of the
light-matter duality of electromagnetic radiation, radiation pressure can be explained
by the transfer of momentum between a macroscopic object, such as a dust particle
in a comets’ tail, and the photons impacting it. We can derive a simple formula from
the mass-energy relationship E 2 = p 2c 2 + m20c 4 . Given that photons are massless,

we have the linear momentum magnitude pν = E/c for individual photons, yielding

an absorbed momentum per unit time, per unit area, i.e. a pressure plight = I /c.
Considering a particle may not be fully absorbing, we accommodate a reflection
coefficient R, for a half-space interaction with absorption and reflection:
I
plight = (1 + R) ,
c

(1.1)

where c is the speed of light. However, this often cited derivation of light pressure
is rather a general estimate. Partial transmission of light through the sample is not
taken into account. It can be defined more accurately for light absorbing metals
and dielectrics. We can derive the radiation pressure exerted by a linearly polarised
plane wave at the plane surface of both a metal and an absorbing dielectric from
first principles.
Radiation pressure exerted by a linearly polarised plane wave incident on a
plane metal surface
The derivation presented here was derived by Eugene Gamaly[20]. Consider an
~ = (0, H 0 , 0) normally incident
electromagnetic wave described by E~ = (E 0 , 0, 0), H
on a metal surface along the z-axis. The incident field reads
E in = E 0 exp i(ωt − kz − ψ ),
6
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with ω, k and ψ being the angular frequency, wave vector and arbitrary phase factor,
respectively. The incident field E in excites a current along the surface j x = σ E x ,
where σ is the conductivity of the metal. The interaction of this current with the
magnetic field of the incident beam generates a force with z-component
σ
E x × Hy .
(1.3)
c
Assuming normal skin effect, the field in the metal is evanescent, and has a
fz =

characteristic length scale ls . The field components are connected to the incident
field through the boundary conditions
2
E 0e −z/ls cos (ωt − kz − ψ )
1 + ε 1/2


2 ε 1/2
E 0e −z/ls cos (ωt − kz − ψ − γ ) ,
Hy = 
1 + ε 1/2
Ex = 

(1.4)

where γ is defined via the refractive index
ε 1/2 = n + iκ = ε 1/2 (cos γ − i sin γ )
ε = n2 + κ 2

(1.5)
(1.6)

was introduced. Time-averaging Eq. (1.3) over a single light period then yields


2σ ε 1/2
2 −2z/l s
fz = 
cos γ .
(1.7)
2 E 0 e
1/2
c 1+ε


Using the general relations n = ε 1/2 cos γ , <(σ ) = nκω/2π and ls = c/κω, the
above reduces to

fz =

n2
1
2 −2z/l s
.

 E e
πls 1 + ε 1/2 2 0

(1.8)

To obtain an expression for the radiation pressure at z = 0, we integrate over
the metal volume:
pzmetal =

Z

∞
0

fz dz = 

E 02
2 .
1 + ε 1/2 2π
n2

(1.9)

Going further, we introduce the Fresnel reflection coefficient, see Sec. (2.2):

2
1 − ε 1/2
R=
(1.10)
2
1 + ε 1/2
by expressing it through the real and imaginary parts of the refractive index:
1


1+ε

 =
1/2 2

1+R
1 1+R
=
.



2
2
2 1 + n2 + κ 2
1 + ε 1/2 + 1 − ε 1/2

(1.11)

Finally, we have an expression for the radiation pressure:

7
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pzmetal = (1 + R)

E 02
n2
2n2
I0
=
(1
+
R)
,
1 + n2 + κ 2 4π
1 + n2 + κ 2 c

(1.12)

where in the last step we introduced the incident intensity I 0 = cE x ·Hy /4π = cE 02 /2π .
Light pressure exerted by linearly polarised plane wave at the plane surface of
absorbing dielectric
The volume density of the force acting inside a dielectric reads[21, Eq. (16.10) and
(16.13)]:
(1.13)

f = P∇ · E,

with the corresponding moment of the force K = P × E. Taking the polarisation as
√
−1
P = ε4π
E, where ε = n 2 + κ 2 :
f=


ε −1
ε − 1 1 2
(E∇) · E =
∇E − E × ∇ × E .
4π
4π 2

(1.14)

Considering a monochromatic1 , linearly polarised plane wave E~ = (E 0 , 0, 0),

~ = (0, H 0 , 0) normally incident at the surface of the dielectric and using the Maxwell
H
equation ∇ × E = − c1 ∂H
∂t , we can calculate the z-component of the force
∂Hy
ε −1 1
1
fz =
∇z E x2 + 2 E x ·
4π 2
c
∂t
taking into account that E x ·

∂Hy
∂t

!!

=

ε −1
∇z E x2 ,
4π

(1.15)

= 0 for a linearly polarised plane wave. Inserting

Eq. (1.4) into the previous, we note that the solution describes the case of an absorbing
dielectric:
fzdie =

4
ε −1 2
2 −2z/l s
cos2 (ωt − kz − ψ ).

 E e
8π ls 1 + ε 1/2 2 0

(1.16)

Now averaging over the light period and integrating over z one obtains the light
pressure in the form:
pzdie =

ε −1
1
2

 E .
4π 1 + ε 1/2 2 0

(1.17)

Finally, we introduce the optical parameters of the medium through Eq. (1.11) as
before, and introduce the incident intensity:
1 E, H

8
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pzdie = (1 + R)

n2 + κ 2 − 1 I0
.
n2 + κ 2 + 1 c

(1.18)

From Eq. (1.12) it is easily seen that the commonly used formula Eq. (1.1) is
obtained in the limit of n2 − κ 2 ≈ 1. For a carbon surface, similar to the particles used

later in this work, the complex refractive index is ε 1/2 = 2.33 + 1.33i at 532 nm[22].
The corrective factors introduced by the equations derived above for a metallic and
dielectric material are pzmetal ∝

2n 2
n 2 +κ 2 +1

= 1.32 and pzdie ∝

n 2 +κ 2 −1
n 2 +κ 2 +1

= 0.75. While

some of the carbon allotropes, e.g. diamond, are dielectrics, graphite is a good
electrical conductor and can be considered metallic2 . With graphite, we observe
an increase in light pressure of 32%. However, absorption, that is conversion of
energy of a coherent, directed laser beam into chaotic, thermal energy of a medium
can significantly reduce momentum transfer and therefore, light pressure. This is
exemplified by the metal aluminium with a complex refractive index ε = 2.92 + 8.26i
at 799 nm[23]. The coefficient in Eq. (1.12) equals to 0.14, absorption reduces light
pressure by an order of magnitude.

1.2.2

Photophoretic force

In the absence of a surrounding gas, light exerts a force via the previously described
radiation pressure. However, if the particle is surrounded by a gaseous medium,
e.g. air, there is another effect at play. Rather indirect, it can be significantly larger
than the aforementioned radiation pressure. The existence of the here described
thermal force is owed to an anisotropic temperature distribution across a particle in
a liquid or in air. Termed photophoresis3 when first observed[19] by Ehrenhaft in
1910, it is defined as light induced motion of microscopic particles in a gas. In a stable
thermal equilibrium, a macroscopic particle isotropically interacts with surrounding
gas molecules via (in a simplified view) inelastic collisions, continuously exchanging
minute quantities of momentum. Due to the homogeneous nature of the gas and the
anisotropic interaction, no net momentum is transferred to the macroscopic object.
2 The difference in excitation energies is neatly evident in diamond being transparent, and graphite

being soot black in the visible spectrum.
3 Not to be confused with thermophoretic force, or thermophoresis, which refers to the varying levels
of diffusion in a particle mixture due to collective thermal effects.
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Photophoretic pressure is caused by the no longer isotropic exchange of
momentum between a macroscopic particle and molecules of the surrounding
gas, given an uneven temperature distribution on the surface of the particle.
The momentum of gas molecules after collision with the large particle depend on
the surface temperature of the particle at the moment of collision. This is a simple
consequence of the conservation of energy. Given an uneven heating of the particle
surface, gas molecules rebound off the surface with different velocities creating an
integrated force on the particle. Knowing that mv 2 ∝ kT :
s
s
p
p
Thot
Tcold
 out 
 out 
v~hot ∝
> v~cold ∝
.
mдas
mдas

(1.19)

This is illustrated in Fig. (1.1) for an absorbing particle. This phenomenon resulting in a net momentum along the intensity gradient, towards regions of lower
incident laser intensity, is called positive photophoresis. Given a transparent, dielectric spherical particle, an incident laser beam can be lensed by the hemispherical
surface, and focused onto the rear surface of the particle itself. In this case, the ‘far‘
side of the particle heats up, causing a net force towards regions of higher intensity,
which is known as negative photophoresis. This dichotomy is the main reason why
optical trapping of absorbing particles is hard to realise with Gaussian laser beams,
as stable trapping potentials for such absorbing particles do not exist in a perfect
Gaussian beam.
As the absorbed energy in the surface skin layer of a particle is characterised by
temperature[21], the temperature changes are determined by illuminating intensity.
Additionally, one needs to consider the influence of pressure of the surrounding gas.
Given the pressure dependence of photophoretic pressure, we broadly classify it into
two regimes characterised by the Knudsen number Kn = λ/L, which is defined as
the ratio of the molecular mean free path λ to a characteristic length scale L, which
in our case is the particle diameter. The mean free path for a Boltzmann gas is[24]:
k BT
λ=√
,
2πd 2p

(1.20)

with d being the diameter of the gas molecules, k B the Boltzmann constant, and p
and T being respectively, the gas pressure and temperature. The diameter of diatomic
nitrogen N2 is d = 315 pm[24, F-211]. The mean free path for such an environment
is shown in Fig. (1.2).
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hot
v~out

Laser beam

cold
v~out

v~in

Net force

v~in
“hot”

“cold”

Figure 1.1: Illustration of the concept of thermal forces induced by nonuniform heating of an absorbing particle. The incident laser beam creates a
strong temperature gradient across the particle, with gas molecules recoiling
from the ‘hot‘ hemisphere with significantly higher momentum. The net force
is thus directed away from the laser beam, towards regions of lower incident
flux. In this simple 2-dimensional picture, the force points along the direction
of propagation.
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Figure 1.2: Knudsen number for different particle radii plotted against gas
pressure. For particles of interest in this work (r ≈ 1 µm), Kn = 1 is reached
at ≈ 1 × 102 mbar. The contour labels correspond to the Knudsen numbers.
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Any accurate description of photophoretic pressure needs to consider the following cases:
(i) Continuous flow, where Kn  1: The mean free path of the gas flow is
extremely short, and the gas molecules collide against gas molecules much
more often than against a macroscopic particle.
(ii) Free molecular flow, at Knudsen numbers Kn  1. The low pressure corresponds to a scarcity of gas molecules, intra-gas molecule interactions are now
extremely unlikely, compared to interaction with a macroscopic particle.
For an exact description of the thermal forces, one also needs to consider the transition from statistical continuous flow to a kinetic description of the gas-particle
interaction, the transitional regime also needs to be considered:
(iii) Transitional regime Kn ≈ 1
(iv) Near-continuous regime Kn . 1. In this slip flow regime, transport processes
are adequately described by continuum theory, however, the notion of a
continuum is no longer applicable over distances longer then the mean free
path of the gas[25, 26].
A number of analytical approaches have been developed for both the continuum
and free molecular flow regimes[27]. The force is expected to be proportional to
pressure at Kn  1 and inversely proportional at Kn  1[28].In the free molecular

flow regime, the force is the result of gas molecules scattering from a larger surface.
The temperature of the gas molecules changes during this process, from the gas
temperature T∞ to Tr [26]:
dF

fmf

p
= *1 +
2,

r

Tr +
dS ,
T∞ -

(1.21)

where dS is the differential surface element. Yalamov et. al introduced[29] the
asymmetry factor, which encapsulates all information about the distribution of heat
sources required to calculate the force. For a fully absorbing spherical particle, we
have |J1 | = 21 , giving rise to the photophoretic force in the limit of Kn  1[27]4 :
4I
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assume complete accommodation, α = 1, yielding a thermal creep coefficient κ = 98 [30].

1.2. Light-induced forces

2
D p rp
I
2 p ? kp
r
π π c̄η
D=
κ
2 3 Tgas
c̄η
1√
3 Tgas
p? =
3πκ = D
2
rp
π rp

fmf
F ph
=

(1.22)

where p ? is a characteristic pressure transition point, and D is a constant dependent entirely on the gas. An important conclusion to draw from this is the linear
dependence of both light pressure and photophoresis on the incident laser beam.
With a dynamic viscosity of nitrogen η = 17.8 µPa s[24], mean gas molecule velocity
c̄ = 493 m s−1 at room temperature T = 300 K, and rp = 0.5 µm, the transition point
is at p ? = 317 mbar. Following Eq. (1.20), this is equal to Kn = 0.3 ≈ 1. The Knudsen

number is a good approximation of the transition point between a kinetic approach
to photophoresis, and a fluid mechanics approach in the continuum regime, described
below. At high pressures Kn  1, tangential temperature gradients dT /ds in the gas

flow cause a tangential flow velocity µ s , a thermal creep, which arises in a thin gas
layer adjacent to the surface of the sphere. It obeys
µs = κ

η dT
.
ρT ds

(1.23)

A rotationally symmetric solution for the problem of photophoresis based on
thermal creep is given[27, 31], using the definitions in Eq. (1.22):

cont
F ph

2

D p ? rp
=
I.
2 p kp

(1.24)

An important conclusion to draw from this is the linear dependence of both
light pressure and photophoresis on the incident laser beam power.
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Figure 1.3: Dependence of photophoresis on ambient pressure, plotted for a
particle of rp = 0.5 µm (left) and rp = 5 µm (right), and an incident intensity
of 1 kW cm−2 . The maximum expected photophoretic force is reached near
Kn ≈ 1 at p ? = 286 mbar and 28.6 mbar, at which point it towers over light
pressure by three orders of magnitude, shown in blue (
). Conversely, below
a gas pressure of 1 × 10−1 mbar, light pressure quickly dominates, shown in
red (
). Plotted for a thermal conductivity of carbon kp = 1.59 W m−1 K−1 .
Semi-empirical solutions for the transitional regime have been proposed[28, 32,
33]. They all revolve around the phenomenological formula given by [28]:
1
1
1
= cont + fmf .
F ph F ph
F ph

(1.25)

The previous, Eq. (1.24) and Eq. (1.22) are illustrated in Fig. (1.3). The empirical
transition regime is indicated by a dashed line. For the given example of an rp =
0.5 µm particle irradiated by a laser beam with here assumed spatially constant
intensity of 1 kW cm−2 , we can clearly identify the two pressure regimes influencing
the photophoretic force, expecting an increase in photophoretic force for pressures
down to hundreds of millibar, which are trivial to achieve in a laboratory. We
are also able to predict at which pressures one must operate to achieve a lightpressure dominated force, which for the given example, is true at pressures below
1 × 10−1 mbar. Given Eq. (1.22), it can be seen that for a larger particle of rp = 5 µm

(10x), we can expect peak force around 28 mbar. I will show later in this thesis, that
in my experiments with particle radii of 5 µm to 15 µm, I observe an increase in force
in the entire pressure range we are able to achieve, which is down to 10 mbar.
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1.3

Structured light beams: Hollow cores

As absorbing particles tend to move away from regions of high intensity, the logical
solution is to use light beams with a doughnut-like profile, i.e. a bright ring of light
surrounding a dark core. While there are technically an infinite number of ways to
create such a beam, I will discuss two of the more frequent ways of obtaining such a
doughnut mode.

1.3.1

Higher order Laguerre-Gaussian beams

The well-known Gaussian, or normal mode, is really only the lowest-order solution in
an infinite family of higher-order solutions to the free-space paraxial wave equation.
In cylindrical coordinates, these higher-order solutions take the form of the LaguerreGaussian modes[34]:
s

√
m
2p!
exp j(2p + m + 1)(ψ (z) − ψ 0 ) * 2r +
Epm (r , θ, z) =
π (m + p)!
w(z)
, w(z)
!
!
!2
2
2
2r
jkr
r
Lm
exp −
+ jmθ exp −
exp (−jkz) ,
p
w(z)2
2R(z)
w(z)2

(1.26)

where the integers p ≥ 0 and m are the radial and azimuthal mode indices and
~ = 2π is the (angular) wave number. The appearance of Lm refers to the
k = |k|
p

λ

associated or generalised Laguerre polynomials and is a consequence of the cylindrical

symmetry of the beam. These Laguerre-Gaussian beams are fundamentally Gaussian,
and follow the same laws of propagation found in literature[34]. The defining
characteristics of the beam are illustrated in Fig. (1.4). The radius of curvature of
the beam wavefront is given by R(z) = z + z R2 /z, where z R = πw 02 /λ is the Rayleigh
length of the beam. Both the radius of curvature term R(z) and the Gouy phase term

Ψ(z) − Ψ0 are of no interest for further analysis and are presented for completeness

only. The beam radius or width of a freely propagating Gaussian beam is given by
s
!2
z
w(z) = w 0 1 +
(1.27)
zR
and assumes its minimum w 0 , called the beam waist, somewhere along the axis of
propagation. We note that
lim w(z) ≈

z→∞

w0
z,
zR

(1.28)

meaning we have w(z) ∝ z 2 in the near field, and w(z) ∝ z in the far field.
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w(z)
√
2w 0

w0

zR

Θ

z

b

Figure 1.4: Defining the characteristic length scales used with Gaussian laser
beams. The waist of the beam refers to w 0 , that is the radius of the beam at
the focus. The size of the beam refers to its diameter, or 2w 0 . Similarly, the
Rayleigh length refers to z R , whereas
√ the confocal parameter, denoted b, refers
to the focal volume where w(z) ≤ 2w 0 , i.e. 2z R . The divergence of the beam,
as full angle, is given by Θ = 2λ/πw 0 .

The waist of the beam refers to w 0 , that is the radius of the beam at the focus.
The size of the beam refers to its diameter, or 2w 0 . Similarly, the Rayleigh
length refers to z R , whereas the confocal parameter refers to the focal volume
√
where w(z) <= 2w 0 , i.e. 2z R .
Introducing the time-averaged Poynting vector as we did in Eq. (1.12), we see
that in the limit of p = m = 0 this solution reduces to the well-known Gaussian
beam solution of the paraxial wave equation, and a first order vortex beam:
2
2
−2 r2
w (z)
e
πw 2 (z)
2
r2
4
−2 r2
w (z) .
Im=1 (r ) ∝
e
πw 2 (z) w 2 (z)

Im=0 (r ) ∝

(1.29)

Note the additional r 2 dependence, shaded blue in the equation above, in the
intensity profile with an azimuthal index m = 1. This gives rise to the eponymous
doughnut mode, which can be seen in the lower right panel of Fig. (1.5). As the
Gaussian profile has no visually significant length scale, the adopted convention is
to measure the width of a Gaussian beam by specifying the radius of the beam at
the 1/e 2 level, as indicated in Fig. (1.5). The width of any Laguerre-Gauss mode with
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m > 1 is given by the radius of the maximum intensity contour. With help from
p
Eq. (1.29), it is easy to see that wm = |m|/2w 0 .
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Figure 1.5: Intensity profile of the two simplest Laguerre-Gaussian modes:
the ubiquitous Gaussian profile(
, and top right inset), and the vortex or
doughnut mode (
, and bottom right inset). As the Gaussian profile lacks
a characteristic scale, its width w 0 is often measured at the 1/e 2 level. The
doughnut mode however has a characteristic scale, which is given by the
radius of the maximum intensity contour, here displayed as w 1 .

The Gaussian beam waist w 0 refers to the 1/e 2 radius of a beam as shown in
Fig. (1.4) (

). For a doughnut mode m > 1, the waist wm >1 will always refer

to the radius of the maximum intensity contour, the ring (

).

The azimuthal phase dependence kz = mθ seen in Eq. (1.26) introduces another
interesting feature of Laguerre-Gaussian modes, which is the eponymous optical
vortex. This term describes a helicoid with topological charge m. Physically, this
results in a light beam in which photons carry angular momentum, which has
successfully been used to manipulate particles[13].
The nature of the vortex mode, specifically the hollow core, makes it an ideal
environment to trap absorbing particles within. For a small particle rp  w 1 , the
core is sufficiently dark to consider the particle free from the influence of light, see

Fig. (1.6). With a rising particle radius rp , the energy flux incident on the particle
surface quickly rises, symmetrically around the axis of propagation. We therefore
have a symmetric potential which can be used to trap absorbing particles.
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Figure 1.6: Power incident on an axially centred particle as a function of
its radius rp to the characteristic length scale of the beam, wm . Given the
hollow nature of the vortex mode m = 1, the power irradiating a particle is
significantly lower compared to a Gaussian mode m = 0. This simple picture
does not take into account the modifications required due to the spherical
surface of the particle, and merely shows the incident power.

1.3.2

Formation of doughnut modes

Hollow core beams can be created with something as simple as a beam stop placed
into an expanding beam; however such a beam will diffract around the beam stop,
and will by abysmally power inefficient. In order to experimentally realise a true
doughnut mode, there a several well proven ways, including step phase plates and
holograms.
Azimuthal step phase step masks approximate a helicoidal phase structure, which
is imprinted onto a beam passing through it, see Fig. (1.7). If we assume an incident
beam with a planar phase front, the refracted beam will then have the desired phase
structure. The step height ∆s required for a phase shift of ∆ϕ = 2π , see Fig. (1.7), is
given by
∆s =

ϕ
(n − 1)lλ ,
2π

(1.30)

where l the topological charge of the generated vortex. Passing through the phase
mask, the beam is imprinted with a spiral phase front. The spiral phase mask used
18
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Figure 1.7: Illustration of the 16-sector azimuthal phase step mask and conversion of a LG00 mode intensity distribution (lower left) to a LG01 doughnut
mode (lower right). Passing through the phase mask will imprint a helical
shape on the phasefront.
in all of our experiment was made from fused Silica n = 1.5, with a total step
∆s = 266 nm, so that the 16-sector phase plate has steps 16.6 nm apart.

1.3.3

Bessel-like beams and formation thereof

In addition to the multitude of Gaussian solutions to the paraxial wave equation,
of which I presented the Laguerre-Gaussian one, there exists a class of completely
diffraction-free solutions[35]. One of these special solutions are the Bessel beams,
which in the context of laser physics, is any type of beam whose amplitude is
described by a Bessel function of the first kind Jm [36]:
E(r , θ, z) = A0 Jm (kr r ) exp (jmθ ) exp (−jkz z) ,
with the longitudinal and radial wave vector components k =

p

(1.31)
(kr2 + kz2 ) = 2π /λ.

The distinctive feature of such beams is their constant transverse intensity profile,
unaffected by the propagation of the beam, such that I (r, θ, z ≥ 0) = I (r, θ ). A true
Bessel beam consists of concentric rings of light surrounding a core, which extend

infinitely in the cross section of the beam. As this would require both an infinite
amount of energy in the beam and an infinitely large space5 , it is not possible to
realise perfect Bessel beams in nature. Calling the Bessel beams non-diffracting
5 The

R∞
Bessel functions of the first kind J0 are not square integrable, i.e. −∞ |J0 (x)|2 dx = ∞.
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has proven controversial, and contradicts the fundamental nature of light. Durnin
clarified his choice of name[36, 37]:
We have confirmed that beams exist whose central maxima are remarkably
resistant to the diffractive spreading commonly associated with all wave
propagation.
As such, I apply the term non-diffractive to a Bessel beam, considering only the
central core. In similar fashion, the often reported self-reconstruction or self-healing
capabilities[38] of Bessel beams are somewhat of a misnomer as well.
The intensity distribution for a perfect Bessel beam is given by
2
2
I (r ) = |E 0 |2 Jm
(kr r ) = I 0 Jm
(kr r ),

(1.32)

and is shown for m = 0, 1 in Fig. (1.8). The Bessel functions oscillate continuously, and
√
can be shown to asymptotically decay, proportional to to 1/ kr r [39]. Nevertheless,
they are not square integrable, and thus not physically realisable. Comparing an
appropriately rescaled vortex beam(
(

) and a first order, hollow-core Bessel beam

), we see that the general shape of the central core is very similar. In fact,

a Taylor series expansion shows that both profiles expand into a series f (x) ∝
P∞
i 2i
i=0 (−1) x [39], which I will exploit in a later chapter to approximate simulations
for a Bessel beam on results based on measurements with a vortex beam.

In k space, a Bessel beam is represented by a ring, which is witness to the beams

decomposition into plane waves propagating on a cone, which is best explained by
the formation of a Bessel-like pattern when a laser beam passes through an axicon,
which creates a spatial approximation of a Bessel beam, often called a quasi Bessel
beam or Bessel-like beam.

1.3.4

Formation of Bessel beams

The most straightforward way of creating a Bessel-like beam, i.e. a spatially limited
Bessel beam, is by using an axicon. The conical surface, when evenly illuminated,
radially overlaps an incoming laser beam with itself. Interference in the overlapping
segments then leads to the appearance of a pattern composed of concentric circles,
shown in both Fig. (1.8) and Fig. (1.9). The conical surface of a thin6 axicon distorts
the incident planar wave front, leading to a conical wave front in beam past the
axicon. These conical wavefronts are simply composed of two overlapping segments
6 The
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axicon’s thickness is small compared to the Rayleigh length of the incoming beam.
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Figure 1.8: Intensity profiles of a zero-order (
, top right) and first-order
Bessel beam (
, bottom right). Note the close similarities of the inner core
to Fig. (1.5). An appropriately-scaled doughnut mode (
) can be used to
approximate the inner-core of an m = 1 Bessel beam, see Sec. (4.7)
of planar wave fronts, see Fig. (1.9), assuming the axicon is completely non-absorbing.
This composition of plane waves, travelling on a cone, results in a Bessel-like interference pattern, the exact nature of which depends on the spatial structure of the
incoming beam. The energy flow, i.e. the Poynting vector time-averaged over many
periods, of a Bessel beam is parallel to the axis of propagation and has full cylindrical
symmetry[40]. Given both the finite extent and energy carried by the incident laser
beams, and the finite size of the axicon, the resulting Bessel-like beams appear to be
non-diffracting in a limited region z max which can be defined by simple geometric
consideration, labelling the radius of the incoming beam w:
z max =

w
.
tan α

(1.33)

The normalised intensity profile of a Laguerre-Gaussian mode with topological
charge m and waist w 0 , focused through an axicon incident as shown in Fig. (1.9), can
be analytically described[41, Eq. 27], which I will not reproduce here for brevity’s
sake. In short, such a beam can be described by an ideal paraxial Bessel beam Im (r ) ∝

|Jm (kr sin α)|2 compounded with an exponential factor ∝ exp −z 2 describing the
axial envelope of the beam. We can define a characteristic core size r 0 for the central
spot using the first positive root jm of the corresponding Bessel function
r0 =

jm
jm
=
.
k sin α
kr

(1.34)
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α
z

2R

z max

Figure 1.9: The incoming Gaussian modes are focused on the axicon, approximating a plane wave at the axicon. The conical surface of the axicon splits
the incoming beam into two overlapping segments composed of plane waves.
The circular pattern results from the interference of the overlapping plane
waves, here shaded in green, where the overlapping plane waves combine to
create a conical wave front. Given both the finite extent and energy carried
by the incident laser beams, and the finite size of the axicon, the resulting
Bessel-like beams appear to be non-diffracting in a limited region z max . The
intensity profiles in this illustration are not drawn to scale.
For this work, the distinctive feature of Bessel beams is their non-diffracting
property.

1.4

Sample injection for coherent diffraction imaging

Coherent diffractive imaging (CDI) is a relatively new imaging technique that completely forgoes the need for a lens. Rather than using a lens to recombine scattered
rays with correct phases to form an image, CDI records only the coherent diffraction
pattern, which acts as its own scattering reference. This is illustrated in Fig. (1.10).
Phase information is retrieved via iterative algorithms[42] utilising prior knowledge
of the object (size), which is a non-linear optimisation problem. Once diffraction
phases are retrieved, an image can be reconstructed. The iterative shrinkwrap
algorithm[42] commonly used to phase diffraction patterns has its origin in a generalisation of the Gerchberg-Saxton algorithm, a modification of which Čižmár et al.
used to engineer the axial intensity profile of Bessel-like beams[43], which will be
mentioned later on.
Femtosecond coherent diffractive imaging was first demonstrated[44] at the
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λ

A lens recombines the scattered rays with correct phases
Prior
knowledge

λ

Iterative
algorithm

Algorithm finds phases consistent with
measurements and prior knowledge
Figure 1.10: Traditional imaging makes use of the Fourier-transforming properties of a focusing optic (a lens) to recombine the light rays (photons) scattered
from a sample with correct phases, forming an image (top). CDI effectively
images in phase space by recording the diffraction pattern, which is then
phased by an algorithm rather than a lens. The only piece of prior knowledge
required to reconstruct the image is the physical size of the object.

FLASH free-electron laser (FEL) in Hamburg, which generates soft X-ray pulses
between 4 nm to 52 nm with an irradiance exceeding 1 × 1016 W cm−2 , and is capable
of creating ultrashort pulses below 25 fs. A prepared 20 nm thick silicon nitride

membrane was irradiated with a single coherent ultrashort X-ray pulse with peak
intensity of 4 × 1013 W cm−2 , heating the membrane to 60 000 K before vaporising

it. Both the membrane as well as the post-exposure remnant of it are shown in
Fig. (1.11), next to the reconstructed image.
The advantages of ultrafast coherent diffractive imaging are numerous. Due to
its lens-less nature, CDI is not limited by numerical aperture nor affected by lens
aberrations. The ultrashort nature of the interaction allows imaging at near-atomic
resolution as diffraction patterns free of distortions can be obtained, before the onset
of significant atomic motion, i.e. before radiation ionises the sample and a Coulomb
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1 µm

5 µm

1 µm

Figure 1.11: (Left) SEM image of the nano-structured silicon nitride membrane,
a 20 nm thick FIB milled sample held in place by a silicon support structure.
(Centre) The supporting square 20 µm window and membrane after exposure
to a single ultrashort 25 fs X-ray pulse at 32 nm with an estimated intensity
of 4 × 1013 W cm−2 , heating the membrane to 60 000 K before vaporising it.
Visible damage to the support structure was caused by a non-circular beam.
(Right) Reconstructed image of the recorded ultrafast coherent diffraction
pattern, by use of phase retrieval algorithms. Adapted by permission from
Macmillan Publishers Ltd: Nature Physics [44], copyright 2006.
explosion subsequently annihilates it. The requirement for an isolated object, to
avoid scattered photon noise, and the repetition rate of current free electron lasers at
∼ 100 kHz illustrates the need for rapid replacement of samples. This has resulted in

the majority of experiments operating with dense aerosol streams, commonly begot
by aerodynamic lens stacks, described below.
Currently existing aerodynamic lens systems produce single-particle diffraction
by streaming particles across the interaction region, which are stochastically intercepted by the x-ray beam, see Fig. (1.12). In experiments performed thus far, the
average imaging efficiency (fraction of particles intercepted by the X-ray beam) is
below 10−7 on average. For samples that cannot be produced in high abundance,
simple aerodynamic lens systems render FEL single-particle experiments infeasible,
since the determination of a high-resolution three-dimensional structure will likely
require more than 106 individual diffraction patterns. Improved methods should aim
to provide precise delivery of biological macromolecules and droplets of sub-micron
dimension, preferably as a single-file, mono-disperse stream that is phase-locked to
an external timing signal.
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1000 µm2 10 µm2

Figure 1.12: The challenge of current aerodynamic lens systems (left). The
output aperture of the aerodynamic lens stack is placed some 2 cm away from
the x-ray focus, the cross section of which is about 10 µm2 . The nature of
the lens stack causes a, ideally collimated, generally diverging aerosol jet,
the precision of the lens stack being 10 × 104 µm2 . The number of streaming
particles intercepted by the (pulsed) x-ray laser is diminishingly small. The
background image in this figure is adapted from [45].
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1.5

Chapter summary

The main points of this chapter are summarised below:

• Absorbing particles are forced away from regions of high intensity
• Optical trapping of absorbing particles required the use of hollow-core
laser beams such as vortex or Bessel beams.
• The force of both light pressure and photophoresis is proportional to
the irradiating laser intensity and thus total power of the beam.
• Photophoresis is highly pressure dependent, and towers over light
pressure by orders of magnitude at Kn ≈ 1.
• Hollow-core light beams present ideal conditions to trap absorbing
particles in gaseous environments.
• Bessel-like beams can easily achieve high aspect ratios, i.e. axial propagation distance over transverse expansion, that are unobtainable with
traditional diffraction-limited beams.
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Trapping with hollow-core beams

2

In this chapter, we model the radiation pressure on a spherical particle irradiated by
a doughnut mode with various states of polarisation of the beam, including linear
orthogonal and spatially variant radial and azimuthal polarisation states. For this
purpose the Fresnel equations are used to calculate absorption across a spherical
surfacer[46]. Light-induced forces acting on particles in the traps may be highly
anisotropic, and the simple picture of a plane wave normally incident on a planar
surface serves only as an approximation. The geometry of spherical objects placed
into a symmetric laser beam leads to a distribution of light both absorbed and
reflected across the surface, as I will explain below. Where the interaction is fully
symmetric, as it is with a symmetric laser beam interacting with a particle placed
along the axis of propagation, the force is symmetric. Breaking this symmetry by
displacing an object in a transverse or lateral plane will lead to a net force directed,
in the transverse plane, towards or away from the axis of propagation, depending
on the position of the particle within the beam.

2.1

Fully absorbing sample particles

Light-induced forces depend heavily on the optical parameters of the material interacting with the laser beam. To simplify the problem, and to enhance the effect of
thermal forces, I work solely with almost fully absorbing particles. In addition to
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having a high absorption coefficient1 , particles should be reasonably thermally conductive to allow reasonable localised heating, but not prohibit a temperature gradient
across the surface. To this end, I use two kinds of particles in my experiments.
The first type of test sample are hollow glass micro-shells, which are commercially available off the shelf in varying sizes. They are often used in automotive
applications such as thermoplastics, moulding composites and body fillers for their
high strength-to-weight ratio. A layer of graphite coating was added to increase
absorptivity. The complex refractive index of graphite is ε 1/2 = n + iκ = 2.66 + 1.33i
at 532 nm[22], thus the skin layer depth[47], which is defined as the length ls after
which the incident field has decayed by a factor of e −1 is
ls =

λ
= 32 nm.
2πk

(2.1)

The sputter-coating used to deposit graphite on the shells produced an average
coating thickness of 150 nm, which is about five times the depth of the skin layer.
All intensity not reflected can be considered absorbed entirely in the graphite layer
and transmission into or through the glass shell can be neglected. All of the known
allotropes of carbon exhibit a significantly higher thermal conductivity2 than the glass
micro-spheres, k glass ≈ 0.047 W m−1 K−1 [9]. Heat transfer is therefore significant
only within the coating layer.

In order to accurately determine the mass of the coated shells from their size
only, a number of single samples were carefully crushed with a scalpel and examined
using a Scanning Electron Microscope (SEM), see Fig. (2.1). The wall thickness of the
particles was estimated by measuring the broken shells, ranging between 400 nm to
800 nm. Typical thickness of the graphite coating was approximately 150 nm. The
results of these measurements are shown in Fig. (2.2). The manufacturing process of
the glass micro-shells conserves mass: a feed composing silica and a blowing agent is
subjected to to intense heat for a fixed time. The volatilisation of the blowing agent
causes the formation of microscopic gas bubbles in the silica feed. Coalescence of the
gas filled cavities creates a larger gas bubble inside the shell. The initial fixed mass
droplet determines the mass of the micro-shell. The larger it grows, the thinner the
walls will be. The deviation from the expected β 2 = 2 for a spherical shell m ∼ r 2δr
is due to inconsistent wall thickness as larger shells tend to have thinner walls.

1 The imaginary part of the dielectric function, or expressed in terms of the refractive index,
N = n + iκ, and |ε| = n 2 + κ 2 .
2 The thermal properties of the many carbon allotropes vary by orders of magnitude. At 300 K,
conductivity ranges over 1, 100 and 1000 W m−1 K−1 for amorphous carbon, polycrystalline graphite
and diamond, respectively[48].
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1µm

10µm

600nm

100nm

100µm

300nm

Figure 2.1: (Top) - A crushed graphite-coated particle embedded into graphite
tape for SEM imaging, where the thin wall of the shell is large compared to
the bright (charged by the electron beam) coating layer. (Centre) - Close-up
of the sputter-coating of graphite on the surface of the silica sphere. Deposits
of carbon are visible, these are both from imperfections in the coating process
and scratched-off coating during sample preparation. (Bottom left) - Optical
microscope image of a number of spheres. The shells show a varying degree
of coating thickness as is evident by the varied translucence. (Bottom right)
Graphite coating dislodged during sample preparation.
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Figure 2.2: Relationship of particle diameter to mass. Both thickness of the
silica shell wall and the graphite coating were measured at high magnification
using an SEM, see Fig. (2.1). The model and its confidence intervals are given
by m ∼ β 1 (d/2)β2 , with β 1 = 0.40 and β 2 = 2.36. The deviation from the
expected β 2 = 2 for a spherical shell m ∼ r 2δr is due to the variation of
thickness of the graphite layer, and wall thickness. Larger shells tend to have
thinner walls, which is an artefact of the manufacturing procedure of the
shells. A common process is adding to the molten silica feed a blowing agent,
the volatilisation of which will cause formation of coalescing gas bubbles
within a droplet of molten glass, forming a shell in a free-fall vacuum.

The other kind of test samples used in this work are solid glassy carbon microspheres. In contrast to the above mentioned carbon-coated shells, these microspheres are solid, and therefore much more dense. These are commercially available
from Sigma-Aldrich3 in the form of a powder, with size ranging from 2 µm to 12 µm.

2.2

Absorption and reflection in spherical geometry

Incident on a boundary between homogeneous media with varying refractive indices,
an electromagnetic wave is reflected and refracted or absorbed, depending on optical
properties. On incidence on a sphere, the electric field component of the wave
~ , is split into two orthogonal components
propagating along the z-axis kz = E~ × H

with propagation vectors ~es perpendicular and ~ep parallel to the plane of incidence
3 Product

30
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y
E~r
n̂
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Figure 2.3: Illustration of the split of incoming field into a component parallel
to the surface at the point of incidence and a component perpendicular.
spanned by the incoming field vector and the surface normal k~ × n̂, see Fig. (2.3):
~ θ, ϕ) = ~e f (r, θ, ϕ) = (~es + ~ep )f (r, θ, ϕ),
E(r,

(2.2)

where f is the spatial field distribution. Due to the orthogonality ~es ⊥~ep , the same
holds true for intensity,


 2 
I (r, θ, ϕ) = |~es |2 + ~ep |f (r , θ, ρ)|2 ,

(2.3)

with |f (r, θ, ρ)|2 now being the spatial intensity distribution. Describing the incoming
elliptical electric field polarisation π~ (ψ ) with a polarisation angle ψ ,
π~ (ψ ) = cos(ψ )ê x + sin(ψ )êy ,

(2.4)

where I define π~ (ψ = 0◦ ) = π~x and π~ (ψ = 90◦ ) = π~y as x-linear and y-linear polarisation, respectively. The perpendicular and parallel components can be calculated
on any given point on the sphere for a field propagating in z-direction, i.e. k~ k ~z ,
from the definition of the plane of incidence
k~ × n̂
|~es |2 = π~ ·
k~ × n̂
 2
k~ × n̂
~ep = π~ ×
k~ × n̂

~
k×n̂
~
k×n̂

, illustrated in blue in Fig. (2.3):

2

= sin(ϕ − ψ )2
2

= cos(ϕ − ψ )2 .

(2.5)

31

2. Trapping with hollow-core beams
Considering structured light beams with a more complicated polarisation structure[49], which no longer have spatially homogeneous polarisation, we can also
define a strictly radial (r ) and azimuthal (θ ) polarisation as:
π~r = cos(θ )ê x + sin(θ )êy

(2.6)

π~θ = − sin(θ )ê x + cos(θ )êy ,

(2.7)

where the dependence on the polar or inclination angle θ reflects the now spatial
inhomogeneity. In the case of elliptical polarisation, this dependence does not exist,
and we use the parameter ψ to describe the angle of the polarisation ellipse.
The absorbed and reflected laser intensity is calculated using the well known
Fresnel equations[47], which were first described by the French engineer AugustinJean Fresnel:

n 1 cos θ i − n 2 cos θ t
As = 1 − R s = 1 −
n 1 cos θ i + n 2 cos θ t

2

(2.8)

2

n 1 cos θ t − n 2 cos θ i
Ap = 1 − Rp = 1 −
,
n 1 cos θ t + n 2 cos θ i
with the angles of incidence θ i and transmission (refraction) θ t = sin−1
from Snells law, or at normal incidence
n1 − n2
R = R s = Rp =
n1 + n2

!2

,

n

1

n2

sin θ i



(2.9)

where As,p and Rs,p are the absorptivity and reflectivity coefficients, θ i , θ t are
the incident and transmitted (refracted) angles, and n 1,2 are the complex refractive
indices of the media involved. Given my experiments were conducted in either air
or vacuum, n 1 = 1. Using the intensity distribution for a doughnut mode with m = 1,
see Eq. (1.29), the absorbed intensity is calculated as

 

~I abs = Im=1 |~es |2 (1 − Rs ) + ~ep 2 1 − Rp cos θ i .

(2.10)

While intensity is naturally scalar, I can nevertheless consider ~I abs vectorial
in the sense of the different projections of the orthogonal components. Absorbed
intensity is illustrated in Fig. (2.5) for both linear and polar polarisations, with the
particle placed in the centre of symmetry of the beam. Absorption (and reflection) of
on-axis incident light is not uniform across the surface of a sphere. The interaction
is governed by the polarisation of the light field and the Fresnel coefficients dictated
by the spherical geometry.
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Figure 2.4: Absorption coefficient as given by the Fresnel Eq. (2.8). Important
for further results is the difference in absorption for s,p components at larger
angles of incidence. The shown Fresnel coefficients are calculated for graphite
with a refractive index of ε 1/2 = 2.33 + 1.33i.

2.2.1

Intensity distribution for a particle on-axis

In this on-axis case, i.e. without offset from the beam axis, there is strong symmetry
in absorption. As expected the vortex distribution is reflected on the particle surface,
the “ring” is clearly visible. With linear incident polarisation, the intensity is maximal
on points in the direction of the polarisation vector, best seen in the Px,y components
in Fig. (2.5), and minimal on points perpendicular to the current polarisation vector.
Deviations from the symmetry are caused by the different absorption coefficient in
s,p polarisations, see Fig. (2.4). For a polar incident polarisation, Eq. (2.10) simplifies
as a radially polarised field incident on a centred particle is already p-polarised, and
an azimuthally polarised one is fully s-polarised.
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Figure 2.5: Absorbed intensity distribution for a graphite particle on axis,
irradiated by a polarised laser beam as indicated on the left. As expected
the distribution is mostly symmetric, with deviations from symmetry caused
by the difference in s,p absorption components, see Fig. (2.4). With linear
incident polarisation, a maximum is reached in the direction of polarisation.
Intensity is given for a particle with radius rp = 5 µm and a 1 W beam with
waist w 1 = 20 µm. Maximum intensity here is approximately 6 kW cm−2 .

Absorption (and reflection) of on-axis incident light is not uniform across the
surface of a sphere. The interaction is governed by the polarisation of the
light field and the Fresnel coefficients dictated by the spherical geometry.
Besides the complex refractive index, the defining parameter determining the
fraction of incident power/intensity absorbed on the particle is the ratio of particle
radius rp to the radius of the beam w in the interaction region. While w 1 ≡ w 1 (z)
is dependent on the axial propagation of the beam, only particles rp  z R much
smaller than the Rayleigh length of the trapping beam were used in the experiments

and are considered here. In this case it is safe to assume a constant beam waist over
the size of a particle. The change in absorbed intensity distribution is easily seen
from Eq. (2.10). In the limit of rp /w 1 → ∞, the laser beam is normally incident on a
much larger particle, which effectively is a plane surface. No power can be absorbed
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Figure 2.6: Absorbed intensity distribution for a graphite particle shifted away
from the beam axis, for both orthogonal linear polarisations as indicated on
the left. The beam axis is marked by the red dot, the particles are shifted
away from the axis by rp /2. As will be shown in the next section, absorbed
power for the total and z components are independent of polarisation, but the
distribution appears more concentrated for vertical polarisation, in direction
of the shift. Of special interest is the y component, the difference explains the
disparity in speed for two different polarisations. Intensity is again given for a
particle with radius rp = 5 µm and a 1 W beam with waist w 1 = 20 µm. Due to
the vertical offset, the particle dips further into the high-intensity doughnut,
yielding a higher maximum intensity of 14 kW cm−2 in this situation.
in transverse directions in this case.
For rp /w 1  1, the doughnut mode touches only the outermost edge of the

particle with its flanks. As the particle increases in size relative to the beam, the
steep gradient of the vortex hole illuminates the edges the most, concentrating
intensity there. Slowly the maximum of absorbed intensity creeps towards the centre

of the particle, as the entire maximum vortex ring shines on the particle surface in
the case where the particle is larger than the beam. As this happens, power “drains”
from the transverse components into the axial component.

2.2.2

Intensity distributions for off-axis position of the particle

While full symmetry often offers tantalisingly simple solutions, physical reality is
much less often symmetric. Let us consider the simple case of a particle not centred
on the axis of the laser beam, but rather shifted vertically from the beam axis as is
the case in the optical pipeline experiments, see Ch. (3). The absorbed intensity for a
particle transversely shifted by rp /2 away from the beam axis is shown in Fig. (2.6).
The immediate observation is the plainly visible difference in absorption across the
surface for the two orthogonal linear polarisations. Previously equal in magnitude,
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Figure 2.7: Vertical component of the absorbed intensity distribution for
a particle offset from the beam axis (left, at 0) by 0.5 wl , 1 wl and 1.5 wl .
Assuming a force proportional to intensity, the particle is supported from
below when ‘inside’ the vortex. Dropping further down, the illumination
gradually shifts from bottom-heavy to a symmetric case, which represents and
unstable equilibrium of the vertical force acting on the particle. Once outside
of the vortex, the force has fully reversed direction and propels the particle
further away. This behaviour is representative of optical trapping of absorbing
particles with hollow core beams, where trapped particles experience a force
along the intensity gradient towards a (local) intensity minimum.

see Fig. (2.5), the total intensity absorbed by the particle irradiated with x-linear
polarised is significantly higher than for y-linear polarisation. If the particle were
offset in the orthogonal transverse direction, the roles would be reversed. Although
less in average intensity, the horizontal components have the same shape, in both
cases the particle is cradled by the doughnut mode, which keeps the particles in the
pipeline. Of particular interest is the vertical component, which differs significantly
between polarisations for the same vertical shift. Resulting from this, a particle with
given mass m will sit in different positions in the beam depending on polarisation.
This in turn will cause the particle to see a different intensity across the surface in
longitudinal component.
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2.2.3

Limits placed on particle irradiation intensity

A frequently asked question queries the limits of the experimental demonstrations
completed so far. Force is proportional to light power. Can we just get a bigger laser?
Is it possible to levitate a grain of salt? A pea? A bowling ball? Before we discuss the
theoretical predictions arising from the laser-absorption model described above in
the next sections, we need to consider the limits of this model. Clearly, the principal
limiting factor in the absorption interaction model described above is the peak intensity irradiating the particle, or power deposited in the particle itself. A continuous
wave laser may not reach energy flux levels causing evaporation or sublimation of
the bulk material composing the particle. Carbon sublimates at temperatures around
3600 ◦C[24], but when exposed to air, can combust at temperatures above 330 ◦C[50].
The elevation of the average surface temperature T̄s of a sphere in a continuous
flow environment can be expressed as a function of the heat flux H [26, 27]:
H cont = 4πrp kд (T̄s − T∞ ) = 4πrp kд ∆T .

(2.11)

A solid graphite sphere with thermal conductivity kд = 4.6 W m−1 K−1 and radius

rp = 0.5 µm placed in a I = 100 kW cm−2 laser beam will absorb πrp2 I = 785 µW.
If this power is entirely emitted by collisions with gas molecules at atmospheric
pressure only, the particle surface temperature will elevate by ∆T = 27 K. Reversing
this calculation allows us to estimate the power required to be absorbed by the
particle to elevate the temperature to 330 ◦C, i.e. by 300 K in this example, which is
8.6 mW or in terms of intensity, 1.1 MW cm−2 for the aforementioned particle with
rp = 0.5 µm. This value is valid in the entire continuous flow regime.
Due to the massive decrease in gas-particle interaction in the free molecular flow
regime, the particle is effectively no longer cooled by the interaction, and acts only
as a radiating black body. This further limits maximum allowed laser intensities at
low pressures.

2.3

Forces exerted by light- and photophoretic pressure

Both interaction of a particle with the surrounding gas molecules, and with the
photons composing the illuminating light beam, exert a force on the particle, as
described in Ch. (1).
The constant momentum exchange between the sample particle and the photons
of the laser beam exerts a macroscopic pressure on the surface. This force is revealed
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by integrating the photon pressure, i.e. Eq. (1.1) over the surface area:
Z
Z
P
1
(1 + R)I dA ∝ .
F light =
plight dA =
c
c

(2.12)

The same is true for forces exerted by the photophoretic pressure. Eq. (1.24) and

Eq. (1.22) assume a constant intensity πrp2 I , in this spherical geometry, we need to
consider the surface integral here too. It should be noted here that strictly speaking

the above 1 + R is only true for normal incidence and the result therefore is not exact.
For our case of a fully absorbing, non-reflecting carbon particle (R = 0), both
photophoretic pressure and light pressure forces follow the above relation, as both
are linearly proportional to optical power, and therefore intensity. This is also
seen in Eq. (1.24). Let us take as an example a 1 µm graphite particle illuminated at
atmospheric pressure by a 1 mW laser beam from a laser pointer focused onto a plane
surface 1 µm2 in diameter. With this laser intensity of 10 × 105 W cm−2 , the resulting

cont ∼ 275 pN is almost an order of magnitude stronger than
photophoretic force F ph

the radiation pressure force of F light ∼ 3 pN, and many times higher than the force

due to gravity. The estimate of photophoretic force relies on the relatively low
thermal conductivity of amorphous carbon, 6.3 W m−1 K−1 . Many metals, and other
allotropes of carbon, have significantly higher thermal conductivities. Replacing
the carbon coat with a thin layer of gold would yield a photophoretic force of only
∼ 1 pN due to the high thermal conductivity of 318 W m−1 K−1 and the reflectivity
of Gold at 532 nm, which is roughly R = 0.8.

Of particular interest is the transverse component of the force, which differs
significantly between polarisations for particles shifted away from the beam axis; see
Fig. (2.8). The arbitrary units of the force were calculated with the assumption that
the thermal and radiation pressure forces are linearly proportional to the illumination
intensity [6, 9, 10, 51–53]. Based on these calculations, a particle shifted away from
the centre of symmetry along a polarisation axis, the force is larger for the beam
with horizontal polarisation when compared to a vertically polarised beam. At a
larger shift, the particle absorbs higher laser intensity, experiences a higher force
in the longitudinal direction and thus moves faster when exposed to a horizontally
polarised beam of the same total power. This shift is caused by the difference in
the y component of the force exerted by the beams. The particle in the vertically
polarised beam experiences a higher upward force at the same offset. The negative
values of y components indicate that the particle is pushed out of the beam when the
offset is larger than the beam radius. While the longitudinal force Fz is independent
of polarisation, it changes dramatically with increasing offset from the beam axis.
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Thus, the difference in absorbed intensity distribution causes a difference δ Fy in
suspending force, which in turn causes a vertical separation of particle positions in
the beam cross section, leading to difference of longitudinal forces.
The notable difference is the non-zero axial force felt by a particle sitting in the
centre of symmetry, this is caused by the finite (non-zero) size of the particle. The
axial force, as a function of particle offset from the beam axis, is independent of
polarisation. However an interesting effect comes into play when we investigate a
particle of sitting in a horizontally propagating beam. Gravity will pull the particle
away from the central axis of the beam, and it will rest in an equilibrium position
given by the transverse (orthogonal to the axis of propagation) force Fy . Due to the
difference in illumination depending on polarisation, see Fig. (2.6), the disparity in
Fy is significant.
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Figure 2.8: Force exerted by radiation pressure on a graphite particle with
a radius of 40 µm in a 1 W beam of wl =1 200 µm radius, a ratio of 1:5. The
trend in axial force, here Fz in the bottom panel, closely follows the intensity
distribution I in the top panel. As illustrated in the middle panel, the particle
will sit in different vertical positions depending on the polarisation of the
beam. This will in turn cause the particle to be illuminated differently, and
the axial force changes. In this example, the difference in axial force between
a horizontal and vertical polarised beam is 15 pN, or roughly 65 %, in the
limiting (maximal difference) case shown here. The force felt in the second
transverse (lateral) direction is fully antisymmetric and cancelled out, and is
therefore not shown here.
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2.4

Chapter summary

The main points of this chapter are summarised below:

• A computational model calculating the intensity distribution over a
spherical surface irradiated by a Laguerre-Gaussian beam with hollowcore intensity profile was developed. The model is based on Fresnel
equations for s- and p-components and takes into account local state
of polarisation in the beam, for linearly polarised and spatially-variant
axially and azimuthally polarised laser beams.
• Based on the developed model, I calculated the intensity distribution
over a spherical particle positioned on the beam axis and shifted away
from the beam axis, and evaluated absorbed and reflected intensity
components to uncover the light-induced overall light pressure depending on the on-axis and off-axis position of the particle in the
doughut-shaped beam with complex polarisation structure.
• I evaluated the maximum intensity limit on the particle surface taking
into account the laser radiation absorbed in the particle. By applying
the results of the evaluation to a particular case of a graphite particle,
and taking into account the activation energy for graphite oxidation
(burning) I show that maximum intensity on the particle surface must
be below 1 × 106 W cm−2 .
• I prepared highly-absorbing spherical particles for experimental evaluation of forces acting on a particle in doughnut-shaped beams with
various states of polarisation by coating glass spheres with a graphite
layer. I examined the dependence of the total mass of the shells on their
size by measuring the shell diameter, wall thickness and thickness of
the graphite coating using a scanning electron microscope.

The results obtained in this chapter lay the foundation for the evaluation of
light-induced forces in experiments on levitating and transport of spherical particles
using vortex and first-order Bessel beams to be presented in the following chapters.
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It was demonstrated recently that optical vortex beams could be used for robust
trapping and efficient transport of particles in air over metre-long distances [9, 51].
The touch-free holding and transport of particles in gas environments opens up
diverse applications, where delivery of containers filled with drugs, live cells or
hazardous materials, such as radioactive particles, is required. The contact-free
trapping and manipulation of particles in air uses radiation pressure or gradient
forces induced by laser beams for transparent aerosol particles and thermal forces
for light absorbing particles.
In this chapter, I analyse the speed of transport of spherical glass micro-shells
with a linearly polarised vortex beam in an optical pipeline formed by two identical
counter-propagating beams[54]. I demonstrate experimentally that the speed of the
particle illuminated by a horizontally polarised beam is up to 30% higher compared to
that with vertically polarised beam of the same intensity. I show that this difference
in transfer speed relates to the difference in the absorbed and reflected laser intensity
for horizontally and vertically polarised beams when the particle is shifted from the
beam axis by gravity.

3.1

Description of experiment

A schematic representation of the experimental set-up is shown in Fig. (3.1). The
vortex with a single topological charge was formed by propagating the linearly
polarised output beam of a 532 nm Coherent Verdi V5 continuous-wave laser through
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Figure 3.1: Schematic diagram of experimental set-up: A phase plate (PhP)
converts a Gaussian beam (GB) into a Laguerre–Gaussian vortex beam (LG).
A half-waveplate (WP) controls power distribution in the two arms (denoted
with subscripts l and r) behind a polarising beam splitter (PBS). Two beam
shutters (SHl,r ) are used to independently turn off either arm of the setup.
Both light paths travel through the same system of alignment pinholes (PH)
and collimators made up of the lenses L1l,r = 1000 mm and L2l,r = 250 mm.
A vial (V) with particles is placed into the beam path at the entrance of an
acrylic cylinder (grey shaded area) which shields the interaction region from
convective air currents present in the laboratory. The Rayleigh lengths of the
two beams overlap in a region of length δ = 30 cm. The dots on the beam path
indicate vertical polarisation while the double-ended arrows show horizontal
polarisation of the beams. The intensity balance between the beams was
controlled by rotating the first half-waveplate (WP).
a 16-step phase plate (PhP) manufactured by Holo/Or Ltd. The beam was split into
two linear, orthogonally polarised beams using a polarising beam-splitter cube (PBS);
a half-waveplate (WP) before the cube was used to control power ratio between the
two arms. The beams were collimated down to 300 µm beam waist with a Galilean
telescope constructed from two pairs of 1000 mm and 250 mm lenses (L1 and L2)
and aligned to counter-propagate along the common axis with accuracy better than
±5 µm to form an optical vortex pipeline. This high level accuracy of alignment

was achieved by placing a cell with a translucent liquid colloid of polystyrene nanoparticles into the beam paths and imaging the scattered light with a microscope.
The arms forming the optical trap were set up in such a way that the focal planes
overlapped; the corresponding Rayleigh length of δ = 30 cm ensures a large overlap
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Figure 3.2: Vortex radius in the trapping region: Over the 10 cm that particles actually traverse in the trap, the beam radius changes by less than 15%,
corresponding to a change in intensity below 30%.

of confocal parameters of the beams and subsequently near-parallel propagation,
see Fig. (3.2).
Another set of half-waveplates WPhor,ver
and beam-splitters WPl,r was used in
l,r

each arm to clean polarisation and provide fine control of the power balance. The

particles trapped in the experiments were glass micro-shells (K1, 3M Scotchlite)
varying in size between 2 µm and 100 µm, coated with graphite to increase laser
absorption. Particles smaller than 50 µm were present in the launching system,
but usually could not penetrate into the pipeline and were repelled from the highintensity ring of the vortex beam. The thickness of the glass shells was estimated
by scanning electron microscope images of broken shells to be between 0.2 µm and
0.7 µm, with an average thickness of 0.3 µm; the average thickness of the graphite
layer was within a range 70 nm to 140 nm. The shell mass was estimated to be in
the range from 2 ng to 30 ng, see Fig. (2.1) and Fig. (2.2). A rotating glass vial filled
with the shells was located coaxially to the laser beam; loading of particles into the
beam occurred in a somewhat uncontrolled manner by rotating or slightly tapping
the vial.
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3.2

Particle speed

Particles confined in the vortex beam were moved in turn backwards and forwards
between the focal planes by a single beam and blocking the other one, see Fig. (3.1).
Each of the beams had an equal power of 1 W. With both beams on, the particle
could be fixed at a desired position along the pipeline by varying the power ratio
between the arms with the first waveplate. The particle movement was tracked
using a digital camera with a frame rate of 110 frames per second. After the beam
was switched on, the particle in the pipeline quickly accelerated and reached the
constant speed at which air viscosity balances the driving force. This constant speed
varied between 3 and up to 80 mm s−1 , where larger particles had higher speed. The
tracking results for a sample particle are presented in Fig. (3.3).
Particles moving with positive speed are being pushed by the left arm of the
trap, whose polarisation remains unchanged vertical. Averaging the particle speed
over the near constant periods, i.e. ignoring the spike like artifacts introduced by the
experimental procedure, the speed of the particle is 7.6 mm s−1 , typical for this setup.
Speed of measured particles usually ranges around 10 mm s−1 . Particles being pushed
by the right beam, i.e. moving towards the left side of the trap, see a difference
in speed when polarisation is taken into account. While the polarisation of the
second beam is vertical as well, the particle moves at a leisurely −8.9 mm s−1 . When

polarisation of the right beam is rotated by taking out the optional half wave-plate,
the particle hurries to the left at −11.6 mm s−1 , a difference of about 25%.

The spikes observed in the plot result from the particle jumping between two

beams in the moment when the second beam is turned on. The second beam will
have a somewhat larger beam diameter than the beam currently holding the particle,
gripping the particle from outside the other beam. Increased irradiation of the
particle causes it to lift itself closer to the beam axis. This causes the beam currently
holding the particle to catapult it further forward.
The transport experiments were conducted in the following way. First, a trapped
particle was repeatedly moved backwards and forwards by each of the single beams
of equal intensity and the same polarisation orientation. The constant speed of flow
in both directions was measured. The speed variation in backwards and forwards
transport directions with beams of the same polarisation was within ∼ 10%. Second,

we rotated polarisation of one of the beams 90° and repeated the speed measurements

with the same particle. Fig. (3.4) shows the speed of particles driven by beams with
either vertical or horizontal polarisations. The results indicate a definite dependence
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Figure 3.3: Top left: Horizontal particle position tracked with camera. The
field of view spans 8 cm. Each side of the pipeline of two counter-propagating
hollow-core beams was blocked/unblocked roughly every 15 s. In this context,
a rising flanks indicates movement in one direction in one polarisation, falling
flanks movement the opposite side in a rotated polarisation. Distinct kinks
are visible near the peaks, these correspond to the manual switching of the
laser beam, with the particle settling into a new equilibrium position. Bottom
left: Particle speed differs with polarisation. The averaged positive speed
(looking at periods of relative stability, that is ignoring the spikes) in the arm
is 7.6 mm s−1 as the polarisation is not changed but remains vertical to the
table throughout the experiment. The other direction, "negative speed", there
is a clear difference in speed when the polarisation of the beam is changed
from horizontal −11.6 mm s−1 to vertical −8.9 mm s−1 . The particle is slower
by 25% in the vertically polarised beam. Right side: The particle position
in a vertically (top image) and horizontally (bottom image) polarised vortex
beam. A larger shift of the equilibrium position away from the axis of the
horizontally polarised beam of the same particles when compared to that in
the vertically polarized beam is clearly visible in these experiments.
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Figure 3.4: Measured speed and offset from the axis of a beam with 300 µm
radius in experiments with particles moved by optical vortices with vertical
(crosses) and horizontal (circles) linear polarisation; the dotted lines indicate
the same particle. (Left) Absolute values for the speed of various particles.
(Right) Vertical shift from the vortex axis (in units of the vortex ring radius)
for particles of different radius driven by vertically and horizontally polarised
beams of equal power. The error bars were determined from the images in the
CCD camera with 110 frames s−1 attached to a 4.5× microscope, see Fig. (3.1).
on the polarisation: it was up to ∼ 25˘30% higher when the particles moved by a

vortex beam with horizontal linear polarisation.

It should be noted that from the measurements of the wall thickness using
scanning electron microscope images, this ratio varied for some of the shells from 35
up to 140, which is the main reason for scattered experimental data. The variation in
the difference is most probably related to variations in particle mass, which was not
measured in the experiments, and potentially uneven distribution of mass over the
particle volume. Experimentally recorded vertical positions of different particles in
the beam relative to the beam axis for each polarisation show the shift, see Fig. (3.4).
In general, the larger and heavier particles should be shifted further away from the
axis.
There is a clear correlation between the speed of particle transport in a pipeline
formed by cross-polarised vortices: a horizontally polarised beam moves particles
faster than a vertically polarised one. The reason is that the particles are slightly
shifted from the axis of the beam in the y direction by gravitational and buoyancy
forces. This shift depends on the state of polarisation and differs for e.g. horizontal
and vertical polarised beams. The shift changes the symmetry of illumination and
thus of the absorption and reflection of a linearly polarised vortex. Calculation of
the absorbed intensity distribution over the spherical surface of the particle shows
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Figure 3.5: Thermal imaging measurements of the temperature distribution
in the vicinity of two different carbon-coated particles illuminated by a 5 W,
500 µm diameter vortex beam. The two particles have an average size of 65 µm,
covering only a few pixels on the camera each, which is insufficient to resolve
the temperature distribution across the particles. However, the distribution
in the surrounding gas is clearly visible, as well as evidence of a temperature
gradient across the hemispheres of the particle.
that the intensity-dependent light-induced force is stronger in the vertical direction
with a vertically polarised beam, which holds the particle closer to the beam axis.
This reduces the total illumination and thus the forces pushing the particle in the
longitudinal direction. The uncertainty in the absolute value of the forces evaluated
in this work is related to the uncertainty in particle position and the unknown mass
of each particle.

3.3

Temperature measurements

Several particles were recorded using an infrared camera provided by FLIR, a sample
result is shown in Fig. (3.5). The average particle size is 65 µm, meaning the particle
is most likely sitting entirely in the white-hot area. The particle was illuminated by
a 5 W vortex beam with a peak-to-peak diameter of 500 µm within the field of view
of the camera, corresponding to a peak intensity of ∼ 1 kW. Average temperature
across the particles did at no point exceed 52 ◦C, the particle shown is the hottest

particle. Comparing several particles, temperature clearly scales with particle size,
the “coldest” particle in the measurements was barely above room temperature at
24 ◦C.
This opens a multitude of biomedical applications of the optical pipeline, see
Ch. (6), as transport of proteins and other biological specimens require temperatures
not to exceed 60 ◦C to avoid protein coagulation and other effects. Higher tempera49
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tures may cause unfolding of the protein structure to be irreversible. Denaturing
of proteins in albumen (egg white) from a transparent liquid to a white gelatinous
mass is a common example. Generally, most life-forms on Earth live at temperatures
between 0 ◦C to 50 ◦C and are damaged at temperatures exceeding those.

The estimated allowable illuminating laser intensity is 1 × 105 W cm−2 to keep

biological samples and macromolecules from heating above 50 ◦C[55]. This has
been tested in the dusting setup, see Ch. (5) with fluorescent latex beads, whose
fluorescence survives prolonged exposure to the laser on the dusting slide; up until I
deliberately burn them, destroying the fluorescent property of the bead. Viability of
cells post transport could be verified by a number of simple experiments. Yeast cells
typically have a size of 5 µm and are roughly spherical. Optionally coating the cells
in graphite for improved absorption, culture growth after exposure would indicate
viability.
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3.4

Chapter summary

The main points of this chapter are summarised below:

• I conducted experiments on the speed of particle transport in a pipeline
formed by counter-propagating vortex beams. There is a clear link
between the state of polarisation of the driving laser beam and the
transport speed of the particle. A horizontally polarised beam moves
particles faster than a vertically polarised one.
• The direct cause of this is the shift of particles vertically away from
the centre of symmetry of the beam, due to gravity. The asymmetry
in absorbed intensity due to polarisation causes a difference in the
position of the stable equilibrium position in respect to the transverse
profile of the beam.
• Calculation of the absorbed intensity distribution over the spherical
surface of the particle shows that the intensity-dependent light-induced
force is stronger in the vertical direction with a vertically polarised
beam, which holds the particle closer to the beam axis.
• Experimental evidence suggests that the surface temperature of hollow,
carbon-coated glass spheres does not exceed ∼ 50 ◦C for a 5 W, 500 µm

vortex beam with a peak intensity of the order of 1 kW. Given that the

particle is transported within the core of the vortex beam, the average
intensity incident on the particle is much lower.
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Levitation in a diverging vertical vortex beam

4

It was demonstrated in the previous chapter that the orientation of linear polarisation,
either vertical or horizontal, has notable influence on the optical force imposed onto
a particle transported in a optical pipeline in the horizontal plane, and influences
speed of transport. A slight off-axis shift of particle position in the beam due to
gravity results in uneven irradiation of particle in the hollow-core beam. The acting
force depends on the direction of polarisation due to the difference between s- and
p-components of polarisation on the particle surface. As a result, the sensitivity of
particle on the direction of polarisation provides an additional degree of freedom to
control particle transport in horizontal plane.
In this chapter I consider optically induced forces acting on a particle positioned
on axis in a vertically directed hollow-core diverging beam we refer to as ‘optical
funnel’. As in the previous chapter, I analyse the influence of polarisation and
demonstrate the ability to control the force by using a beam with spatially variant
radial or azimuthal polarisation states. The force is determined from the equilibrium
position of a levitating particle with known mass suspended in the axis and partially
illuminated by the beam.
Graphite particles and carbon-coated glass shells of calibrated sizes levitating in
an upright diverging hollow-core vortex beam, called an “optical funnel” are mainly
supported by photophoretic force. An important measure of optical traps is the
relationship between the deviation of an object from its equilibrium point and the
resulting force acting to move it back. This is the elastic constant of the trap, also
known as the trap stiffness. The result of a quantitative analysis of the absolute
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photophoretic force and the trapping stiffness, are presented in Fig. (4.8).
The measurements, conducted in air at gas pressures ranging 5 mbar to 2000 mbar,
lay the foundation for mapping the optically induced force to the intensity distribution in the trap. The mapping, in turn, provides the necessary information to model
flight trajectories of particles of various sizes entering the beam at given initial speed
and position relative to the beam axis, which will be discussed in the final chapter,
see Ch. (5).
The ultimate goal of this research is to develop a touch-free optical system for
pin-point delivery of particles to the focus of a x-ray free electron laser for coherent
diffractive imaging. By way of levitating particles of known mass and controlled
properties, I recover axial force from mass, and transverse force by measuring
stiffness of trapping in the transverse plane and the standard deviation of the particle
displacement from the equilibrium position at the beam axis.

4.1

Experimental setup of the optical funnel levitating
particles

In spite of many experimental studies, the exact theoretical background underlying
the photophoretic force and the prediction of its influence on the particle motion is
still in its infancy. Here, I conduct a quantitative analysis of the photophoretic force
and the stiffness of trapping achieved by levitating graphite and carbon-coated glass
shells of calibrated sizes in an upright diverging hollow-core vortex beam.
The equilibrium position in the axial direction is determined by the balance
between the gravitational downward force F = mд counter-balanced by the photophoretic and light pressure forces induced by the beam: F ph + F light = mд, where
m is the mass of the particle and д the acceleration due to gravity. The levitating
forces are recovered from the known mass and the size of the particle suspended
at a particular equilibrium position in the diverging beam. Both forces F light and
F ph acting on the illuminated surface are linearly dependent on laser intensity. In
addition to both light-induced forces, buoyancy can potentially play a role in particle
levitation, depending on the particle size and mass. For a 2 µm and 20 µm solid carbon
particle, the force exerted by buoyancy at atmospheric pressure is ∼ 5 × 10−17 N
and ∼ 5 × 10−14 N, whereas the gravitational force is of the order of 1 × 10−13 N and

1 × 10−10 N respectively. With buoyancy being three orders of magnitude smaller

than the particle weight, buoyancy will therefore be neglected in all further considerations. It should be noted that the particles are always more dense than a gas by
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orders of magnitude, for hollow spheres with a thin shells, and many times over in
case of solid particles.
The stiffness of the trap in the transverse plane is determined from thermal
motion of the particles observed with a fast CCD camera. The entire setup is
contained within a vacuum chamber to conduct the experiments over a broad range
of air pressures. A linearly polarised Gaussian beam emitted from a continuous wave
(CW) laser of wavelength λ = 532 nm (Coherent Verdi V5) is converted into a singlecharge vortex beam with a doughnut shaped intensity cross-section using a 16-step
radial phase plate (Holo/Or), see Fig. (4.1). The incident beam with a doughnut
mode is directed upward and focused with a 10x microscope plan achromat objective
(Mitutoyo Plan APO 10-x) with NA=0.28, focal length f = 20 mm and working
distance of 33.5 mm. The radius of the vortex ring, i.e. of the maximum intensity
√
ring, in the focal spot wl = w 0 / 2 is ∼ 2.2 µm. Here w 0 = 3.1 µm is the beam waist
of a Gaussian beam. Beyond the Rayleigh range of z 0 = πw 02 /λ = 56 µm the beam
diverges with a half-angle θ = 3.1° so that the radius of the doughnut beam rb

changes with distance z from the focal plane as rb = wl 1 + (z/z 0 )2 , see Fig. (4.1).

As mentioned earlier, see Ch. (1), both the light-pressure and photophoretic forced
are governed by irradiation intensity on the particle surface. To create an optical
funnel with a controlled beam expansion angle, I focus a laser beam with a lens
with focus f . The angle of the cone of the funnel is θ 0 = θ 0 M where θ 0 is the
Gaussian beam divergence and M is the magnification of the focusing lens, see
Fig. (4.1). The force acting on a spherical particle with radius rp illuminated by a
vortex beam is determined by the axial component of the intensity at each point of
the particle surface which can be found using Fresnel equations separately for s-and
p-component[54] and presented in Ch. (2). An example of calculations pertaining to
the absorbed laser intensity distribution over a sphere positioned on the axis and
shifted away from the axis is presented in Fig. (4.2) for 1/20 particle-to-vortex ratio.
This example reflects the typical experimental situations encountered, and described,
further below.

4.2

Experimental calibration of axial levitating forces in
the optical funnel

The balance of force in the optical levitating nano-scale trap depends on the total
laser power of the beam and on the intersection of the beam by the particle, as well
as the environment pressure. The optical force varies along the z-axis for a particle
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Figure 4.1: Levitating particles in a diverging vortex beam. (Left) - Experimental setup of an optical nanoscale. The phase plate (PP) shapes the a vortex
beam, which is focused by a microscope objective (10x) to form the optical
funnel. The particle is illuminated by a white light source (WL) focused
loosely on the particle with a lens (L). The particle is observed with another
microscope objective (4x), using a notch filter (NF) to remove the scattered
laser light. (Right) - An example of a doughnut-shaped beam profile with a
divergence angle of θ = 3.1° and the cross sections 2rb at various distances
from the focal plane.
with given radius. Thus, calibration of forces in the trap at a fixed total laser power
in the beam was conducted by measuring the equilibrium position of the particle
relative to the focal plane and characterised by the ratio of the particle radius to
the vortex beam radius w 1 . This ratio was used to determine the illumination of the
particle at its equilibrium position. I characterised the optical trap by measuring
the equilibrium positions of 64 different particles of various sizes in the beam, and
conducted measurements at different cross-sections by varying the laser power for a
single particle trapped in the beam. The known mass of the particle allowed us to
recover the optically induced force in the axial direction while measuring stiffness
of trapping and the root mean square displacement from the axis yielded the force
in the transverse cross-section of the beam. Two types of particles with known
masses were used in order to calibrate the forces in the optical funnel, which are the
aforementioned solid graphite spheres with a diameter in the range 2 µm to 12 µm
(Sigma Aldrich #484164) for the beam characterisation close to the focal plane, and
glass shells (K1, 3MScotchlite) coated with a 30 nm to 100 nm graphite layer with
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Figure 4.2: Two cases of calculated intensity distribution over a 5 µm particle,
located roughly 1 mm above the focus, and projected on the y-z plane. On
the left, a particle on the z-axis, and the right, a particle shifted 1 µm away
from the z-axis. The polarisation is horizontal, the offset is in the direction
of this polarisation. The absorbed laser intensity on the particle surface was
calculated for the total beam power of 1 W, where the particle-to-vortex size
ratio is 1:20.

diameter ranging 10 µm to 100 µm to calibrate forces further away from the focus.
The mass of the glass shells was evaluated as shown in Sec. (2.1). Particles were
inserted into the diverging beam by picking them up with a brush dipped into a
vial with samples and repeatedly flicking them from the brush over the top of a
glass cylinder that enclosed most of the trapping volume, again see Fig. (4.1). The
cuvette protects the trap from convective flows in the lab, which otherwise will
render the trap extremely unstable when not under vacuum. Once captured within
the diverging conical funnel, particles find an equilibrium position as in a potential
well and quiver around it due to Brownian motion, fluctuations in beam pointing
stability and variation in laser intensity.
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Figure 4.3: A two-dimensional histogram of the positions of a sample particle within the trap (top). Noting the differently scaled axes, the disparity in
stability is visible. As expected the axial histogram does not follow a normal
distribution (bottom left), rather showing a bimodal (or even tri-modal) distribution. The transverse position histogram (bottom right) shows a near-perfect
normal distribution as is expected from a harmonic oscillator.

4.3

Evaluation of transverse trapping and axial levitating
forces in the optical funnel

To reveal the elastic constant of trapping, or the stiffness of the trap k [N m−1 ], I
follow the well-established methods[16] of tracking the particle position by imaging
the back-illuminated particle onto a calibrated CCD at frame rates of 2 kHz. This
frame-rate was achieved with a DALSA Genie camera, which is well suited to video
capture at these speeds. The histograms shown in Fig. (4.3) show the expected normal
distribution of the harmonic oscillator in the transverse plane, where the walls of the
optical funnel act as a harmonic restoring force. The axial distribution is anharmonic,
the downward pull of gravity is constant whereas the upward push is dependent on
the distance to the laser beam focus, assuming the particle sits in the center of the
vortex. This speed is sufficient to observe the dampening characteristics of the trap,
which can be observed further below. The power spectral densities of these position
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Figure 4.4: Analysis of particle movement in the funnel trap at atmospheric
pressure. (Left) Example of a power spectrum of a 5.3 µm graphite spherical
particle motion trapped at atmospheric pressure in an optical potential well
of optical funnel in transverse plane (red trace) and in the axial direction
(blue trace). The black line is a Lorentzian fit to the transverse power spectral
density (PSD), while the intersection between the free diffusion and damped
oscillations (dashed lines) indicates the corner frequency, which determines
the trap stiffness [16]. (Right) The transverse stiffness of the trap normalised to
the absorbed laser power recovered from experiments with particles trapped
in various positions in the beam. P abs refers to the total power in the beam.
The outlier presents a normalised trapping stiffness more than an order of
magnitude below average in this experiment. This point likely does not
represent a single particle but an agglomeration with a non-spherical shape.
The power fit here is a visual guide only.

time series show a distinctive dampening of the oscillations with an associated
corner or knee frequency, which can be related to stiffness Fig. (4.4). Measurement
of the transverse root mean square displacement of the particle can thus be related
to average force: k hx − x̄i = hF i, which is a conceptually simple measurement of

the standard deviation of the particle position[16, 56, 57]. Additionally, the tracking
scheme measures the size of the particle, and therefore axial force can be recovered by
knowledge of the size and lateral equilibrium position of the particle and determined
from balance against gravity.
In order to accurately track the motion of particles, I passively reduced the beam
pointing stability of the optical setup to a standard deviation < 25 nm s−1to50 nm s−1
by physically reinforcing the setup. As this standard deviation is orders of magnitude
below the motion particles undergo while trapped, it is safe to neglect the notion of
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beam pointing instabilities in further considerations. The laser intensity of the Verdi
V-5 used in all experiments varies < 1% of output power, and can be neglected as
well.
Given that the absorbing nature of the particles causes them to repel from highintensity regions of the laser beam, the particle within the doughnut mode acts as a
harmonic oscillator, as it experiences a restoring force linearly proportional to the
displacement from the central axis - the dark core. The power spectral density, which
represents the mean square deviation of the particle from the equilibrium in the
frequency domain, is used in optical trapping for measuring the trap stiffness. The
particle axial equilibrium position observed in the experiments was typically in the
range of 500 µm to 1200 µm above the focus of the beam, with an average particle size
around 10 µm. The results of the particle motion in the trap are shown in Fig. (4.4)
and Fig. (4.5). The crossover point, which determines the trap stiffness, is given by
the intersection of the frequency-independent oscillation strength due to trapping
and a free-diffusion falloff. The transverse stiffness of the optical trap is dictated by
both the total power in the trap, and the geometry of the optical trap configuration.
A small axial shift of the particle only insignificantly changes absorbed power both
along the axis and in the transverse directions, however a transverse offset from the
beam axis drastically increases absorbed power, see Fig. (4.2).
Axial and transverse forces, normalised to the respective absorbed laser power
in axial and transverse directions, are shown in Fig. (4.5). With the particle in its
equilibrium position within the dark core of the optical vortex, the trapping force is
strongest at the points of steepest gradient in the illuminating intensity distribution,
which are given
two inner inflection points of the intensity distribution, so
q by the
√
that rp /rb = 12 5 − 17 ∼ 0.48, rb is the beam radius at the equilibrium position
of the particle1 . Our experiments were conducted with a particle-to-beam ratio
much less than 1. As seen from Fig. (4.4) the experiments were conducted with a
particle-to-beam ratio in the range of 0.07 to 0.4, i.e. much less than 1. As this ratio is
decreased, the stiffness of trapping normalised to absorbed power increases Fig. (4.5).
A power law is fit to the data to calibrate the light-induced force in the beam to
enable the calculation of the trajectories of particles entering the beam at various
velocities. Examples of mapping of forces in the beam at atmospheric pressure are
presented in Fig. (4.10). The transverse force normalised to laser power is 1 × 10−9 N

to 1 × 10−7 N while the axial force varies from 1 × 10−8 N to 1 × 10−6 N. The power
1 The inflection points are given by solving for the saddle points of the intensity profile I
m=1 , see
Eq. (1.29)
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Figure 4.5: Transverse trapping force (hollow, red) and axial levitating force
(solid, blue) normalised to the absorbed laser power in the respective transverse and axial direction recovered from the measurements of trapping stiffness in the transverse plane and by taking the mass of levitating particles
along the axis direction. It should be noted here that the power absorbed in
transverse direction is significantly lower than in axial direction. The solid
lines are the power fitting to the experimental data of force normalised to
laser power.

fitting to the experimental data is the same for both forces, it is ∝ ρ −3.1 where ρ is
the particle-beam ratio.

4.4

Levitating particles with spatially variant azimuthal
and radial polarisation in the beam

First, I again demonstrate how the dependence of the photophoretic force is strongly
affected by the polarisation state of the driving light field. The state of polarisation of
cylindrical vector beams, such as a radially or azimuthally polarised beam shown in
Fig. (2.5), can be varied while keeping the intensity and other parameters unchanged.
This work[58] extends and generalises the previous experiments on transport of
spherical particles in air with counter-propagating optical vortex beams having
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orthogonal linear polarisations.
The experiment was carried out at atmospheric pressure with the large carboncoated, hollow glass spheres first described in Fig. (2.1) and Fig. (2.2). For this
experiment, particles with a diameter of 80 µm to 110 µm were selected. At atmospheric pressure, in the low Knudsen regime, the photophoretic force on a spherical
particle exposed to one-sided electromagnetic radiation can be approximated by [11,
31]:

F ph = 9µ a2 Pabs /4aρ aT kp + 2ka ,

(4.1)

where kp,a are the thermal conductivities of the particle and the surrounding gas,
µ a and ρ a the viscosity and density of the gas, and P abs and T are the total power
absorbed by the particle, and the average gas temperature.
The experiment was performed in the optical levitation geometry shown in
Fig. (4.6). Either a radially or azimuthally polarised continuous wave 532 nm laser
beam with a doughnut intensity profile was used to levitate particles. The radially
and azimuthally polarised beam was synthesised by means of a uni-axial crystal[59].
By rotating the second half-wave plate after the pinhole, see Fig. (4.6), the state of
polarisation can be rotated from azimuthal to radial, and vice versa, without affecting
the intensity profile of the beam, as shown in the bottom left panel of the figure.
Particles were launched into the levitation setup from the top at z = 200 mm by
flicking a paintbrush with particles adhering to it near the upper end of the trapping
cuvette. At this position and height in the beam, the beam itself is wide enough for
the particles to be easily placed into its dark centre. The particles are confined by the
steep gradient of the hollow core doughnut mode, and fall into the trap while slowly
decelerated due to the increase of photophoretic force as the beam gradually tapers
down along the axis of propagation towards the focus, which marks the lower end of
the trapping region. The equilibrium position, where the downward force of gravity
is counterbalanced by the photophoretic force and light pressure forces, exists at
different powers. At constant power, any changes introduced into the beam that affect
the equilibrium position of the particle indicate that the trapping efficiency has been
changed, where an uplift in the particles axial position away from the beam focus is
considered an increase in the trapping efficiency. Changing the state of polarisation
of the beam from azimuthal to radial, the axial force is increased due to the increase
in power absorption “efficiency" as shown in Fig. (2.5) and experimentally observed
in Fig. (4.7) at constant vertical position z az . This increase in absorbed power leads
to the particle seeking a new equilibrium position slightly higher. This motion will
ceases when the equilibrium condition is reinstated in a new stable position with
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Figure 4.6: Optical levitation measuring the polarisation sensitivity of the
photophoretic force. (Top) The c-cut calcite crystal (CR) converts a circularly
polarised single-charge vortex beam into a superposition of the radially and
azimuthally polarised beam (see inset). The polarity and handedness of the
vortex must be of opposite signs. The pinhole (P) selects either the azimuthal
or radial polarisation. The polarisation state of the beam after P is varied
using two half-wave plates (λ/2). The lens (L) forms the trapping beam with
w 0 = 27 µm. The cuvette (C) protects the trapped particles from air flows.
The power meter (PM) measures the total power in the beam. The trapped
particles are observed with a CCD camera under bright field white light (WL)
illumination. (Bottom left) The intensity profile for the radial (blue line) and
azimuthal (red crosses) polarisations at z = 40 mm above the focus, also shows
the corresponding intensity distributions recorded after an analysing polariser
whose transmission axis is denoted by arrow. (Bottom right) Radial profile of
the trapping beam.
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Figure 4.7: A hollow sphere 110 µm in diameter is trapped with an azimuthally
polarised (strong scattering) and radially polarised beam (weak scattering) at
approximately z = 40 mm. The measured dependency of the required laser
power maintaining a desired axial position shown above for both azimuthal
and radial polarisations. The solid lines are a fit to Eq. (4.1). The light absorbing carbon coating is 150 nm thick based the previously discussed SEM
measurements, see Sec. (2.1), and can be considered fully absorbing. The
mass was estimated at 27 ng by measuring its terminal settling velocity and
applying Stoke’s law. This estimate is confirmed by Fig. (2.2).

a new vertical position z rad . Conversely, if the polarisation is switched from radial
to azimuthal, the particle will find a position closer to the beam waist where the
intensity is higher. If needed, the particle can be kept in the same position, provided
that the laser power is adjusted accordingly in order to compensate for the introduced
polarisation-related changes in the trapping efficiency. By setting the angle between
the fast axes of the two half-wave plates, see Fig. (4.6) somewhere between 0 and
p/4, the beam is spirally polarised, i.e., a linear superposition of a cylindrically
symmetric radial polarisation and a cylindrically symmetric azimuthal polarisation.
As a result of the intermediate polarisation, the power absorbed across the particle
places the particle in-between the aforementioned z az < z sp < z rad . The results of
the measurements[58] are quantified in Fig. (4.7). A 20%-30% difference in the power
required to keep the trapped particle in the same position when switching between
azimuthal and radial polarisation is observed. The effect is most pronounced when
the particle geometry matches the state of polarisation, which again was predicted
in Fig. (2.5) and experimentally observed here. This opens up a pathway of further
optimisation of photophoretic forces depending on the proposed application.
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Figure 4.8: Photograph of a vitreous carbon sphere levitating in a diverging
vortex beam. The doughnut mode is discernible from the scattered light on
the lower microscope objective, focusing the beam slightly below the particle
itself, which strongly scatters the trapping laser. Incoherent, red light is used
to image the shadow of the particle onto a CCD just outside the image, through
the second microscope objective. Fig. (4.1) illustrates the experimental setup
in more detail. The glass cuvette reduces the effect of convective airflows in
the laboratory environment, which can easily tear a confined particle out of
the trap.

4.5

Experimental evaluation of the dependence of
photophoretic forces on gas pressure

Following the description of photophoretic forces given in subsection 1.2.2, varying
the gas pressure changes the photophoretic force and moves the particle to a new
equilibrium position, at which the laser illumination distribution over the particle
surface and the particle-to-beam size also changes in the optical funnel. In order to
uncover the dependence of photophoretic force on the gas pressure the following
experiment was performed: While varying the pressure in the chamber I subsequently varied the laser power to keep the particle in the same position and thus
preserved the geometry of the beam, and therefore illumination conditions. Using
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Figure 4.9: The relation between the gas pressure and the laser power required
to keep the particle in a constant equilibrium position in the diverging beam.
Both panels show the same plot, with the pressure scale logarithmic (left)
and linear (right). The curve was composed of measurements of six particles
with different mass and at the size ratio in their equilibrium positions as
given in the legend. The transitional regime in 10 mbar to 100 mbar range is
clearly observed. The characteristic pressure for a 10 µm particle in nitrogen
environment is p ? = 29 mbar. The linear dependence above 100 mbar is
shown in the right panel.

either a dry nitrogen line or a basic scroll pump, the pressure in the chamber was
changed from up to 2 bar and down to 5 mbar. Particles are consistently lifted while
pressuring the vacuum chamber. With the ambient pressure decreasing down to
100 mbar, the particles kept moving lifting within the beam to a higher position,
which consequently required a reduction of the laser power to return particle back
to the initial equilibrium position, i.e. keeping the ratio of particle size to beam size
constant.
Several graphite-coated glass shells with the mass between 0.2 ng to 0.8 ng, the
size from 3 µm to 11 µm, and with various particle-to-beam size ratio were used to
build the experimental curve in order to check the dependence of the axial force
imposed by the particles at different cross-sections of the diverging laser beam, see
Fig. (4.9). The close coincidence of the required laser power to keep particles of
different size in equilibrium positions indicated close thermal and optical properties
of particles use in the experiments. A linear relationship between the gas pressure
above 100 mbar and the trapping power required to levitate a specific particle at
a constant position is observed. The experimental data deviate slightly from this
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linear dependence above atmospheric pressure as theoretically predicted for the
continuous flow regime, see Fig. (1.3), which most probably indicates the increase of
temperature of the laser irradiated particle and the surrounding gas and the resulted
reduced temperature difference across the particle. According to Eq. (1.22), the
maximum should occur at 29 mbar, which is in agreement with this observation.
The transitional region where the photophoretic force goes through its maximum is
clearly seen between 10 mbar to 100 mbar. In the transitional region the particles
become unstable and often fall out of the trap, so their position in the beam could
not be measured reliably. Below 10 mbar the photophoretic force goes down, with
pressure, which requires higher power to keep the particle in a stable position,
compare with Fig. (1.3).

4.6

Mapping forces in the optical funnel

In this section I summarise the results of measurements of optical forces and develop
a basic algorithm for mapping forces in the optical funnel acting on a spherical
particle of particular size. I take into account the beam configuration, local state of
polarisation in the beam, optical property of particle surface, the surrounding gas
pressure and laser intensity.
The linear relationship between the levitating force and the required beam power
for different particle sizes and at different positions in the beam suggests a linear
dependence of the levitating force on the illuminating intensity. Strictly speaking,
this linear model is valid only for small enough deviations from the axis for Hooke’s
law to be valid. In this simple picture, I assume the transverse force on a particle is
linear with offset up to the inner inflection point of the beam profile, at which the
force attains its maximum. With further offset, the force decreases again linearly up
to the maximum of the intensity distribution, where it goes to zero.
The calibration of forces recovered from the experimental data shown in Fig. (4.5)
yields calibration curves which link axial and transverse forces as well as stiffness of
the trap to the position of the particle in the optical funnel. The obtained dependencies, normalised to the illuminating laser power allows us to extrapolate the forces
acting on any particle within the entirety of the beam geometry. The power absorbed
on a graphite or graphite-coated particle at any given point within the beam is given
as the surface integral over Eq. (2.10). The magnitude of the axial force is then the
absorbed power times the scale factor of the calibration obtained above Fig. (4.5).
The only fixed parameters of the calibration are the thermal and optical properties
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of the particle and the gas pressure. Forces within arbitrary beam geometry can be
presented by calculating the absorbed power from the intensity distribution in the
beam. In this simple model, the force is assumed to be linear with increasing offset
from the axis and with the proportionality constant given by the recovered stiffness.
The resulting maps of absorbed power to axially and transversely directed forces
exerted on a 1 µm diameter light-absorbing particle from a 5 W beam are presented
in Fig. (4.10). The stable equilibrium position is on the axis. The more a particle is
shifted away from the axis to the ring of the vortex beam, the higher the illuminating
intensity, and thus the higher the force, both in axial and transverse directions. The
axial force applied to a light-absorbing particle is always directed upward, in the
direction of beam propagation Fig. (4.10)]. As long as the absorbing particle remains
within the doughnut ring, the force points upwards and toward the beam axis, it
has maximum at the maximum intensity of the ring. As the particle passes through
the vortex ring, the illumination and the axial force gradually reduces to zero at
the periphery of the beam profile. Similar to the axial case, the inward-pointing
returning force gradually increases with offset. In contrast to the axial case however,
maximum force on the particle is reached at the inflection points of the potential,
i.e. where the flanks of the vortex profile are steepest. As long as a particle remains
inside the vortex, the force points inwards, up to the equilibrium point which is
located at the maximum intensity ring of the vortex profile. Further outwards, the
force reverses direction and gradually increases in magnitude, so the particle is
propelled outwards.
The results of the mapping can be used to calculate particle trajectories and
determine the required parameter space for the laser beam configuration and beam
power for particular task of particle injection. An example of such calculation is
presented in Ch. (5).

4.7

Formation of an optical funnel based on a diverging
quasi-Bessel beam

Currently existing aerodynamic lens systems for delivery of particles to the focus
of an x-ray laser[45], produce single-particle diffraction by streaming particles
across the interaction region, which are stochastically intercepted by the x-ray
beam. In experiments performed thus far, the average imaging efficiency (fraction
of particles intercepted by the X-ray beam) is below 10−7 on average, though the
new development of a convergent-nozzle mini-injector increases this probability[60].
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Figure 4.10: An example of the map of force imposed on a 1 µm diameter
particle by an upward propagating diverging doughnut-shape 5 W beam with
the divergence angle of 3.1° as in Fig. (4.1), determined by calibrations. (Left)
The axial component of the force, where the maximum force is at the ring
of maximum intensity of the beam. (Right) The transverse component of the
same force. Here, positive (red) indicates a force directed radially inwards,
and negative (blue) radially outwards. In contrast to the axial case, the highest
inwards directed force is at the maximum of the intensity gradient, i.e. at the
inflection points on vortex beam profile. As a visual reference, the contour
overlay outlines the intensity contours of the underlying vortex beam in both
panels.

For samples that cannot be produced in high abundance, simple aerodynamic lens
systems render FEL single-particle experiments infeasible, since the determination of
a high-resolution three-dimensional structure will likely require above 106 individual
diffraction patterns. Improved methods should aim to provide precise delivery of
biological macromolecules and droplets of sub-micron dimension, preferably as a
single-file, mono-disperse stream that is phase-locked to an external timing signal.
To address this challenge we have developed[61] an optical Bessel-like beam for use
as an optical funnel, with a variable-diameter hollow core and an axial-to-lateral
aspect ratio up to 2000, that can be used to guide particles with a spatial precision of
less than a few micrometer over centimetre-long distances.
The advantage of a quasi-Bessel beam with hollow-core on the intensity profile is
that the length of the interaction can be increased significantly from several 100 µm,
as is the case with a vortex beam, to 10 mm and more, while keeping the diameter of
the beam as small as 10 µm to 20 µm. The difficulty however is the reduced intensity
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Figure 4.11: The experimental setup generating and characterising a firstorder Bessel beam with a spiral phase plate and an axicon in one arm (black
path) and an SLM (red path) in the other arm. The experimental requirements
within the vacuum chamber used in the FEL experiments dictate the required
aspect ratio of the beam.
in any particular cross-section of the beam, and to generate a beam with required
divergence. Presented here are experimental results conducted with micrometer-size
particles injected into the vacuum chamber with an aerodynamic lens stack [45, 62].

Imagine a laser beam required to expand from 5 µm to 50 µm over a distance
of 1 cm, which equals an aspect ratio of over 200. With a diffraction limited
Gaussian beam, this requires a minimum waist of w 0 u λ/πw 0 = 35 µm for
green light, which does not fulfil the required beam parameters. With a Bessel
beam, this is easily achieved.

There are a number of limitations on the way the optical guiding can be constructed. First, the laser beam should counter-propagate the jet of particles with its
axis precisely aligned to the axis of the particle jet and with micron-scale precision
passing the focal spot of the FEL x-ray beam. Second, the beam should have a controlled divergence to be able to funnel the particle jet coming out of the aerodynamic
lens and to guide them into the x-ray focus. The jet diameter is of the order 50 µm
to 100 µm, ideally it should be compressed to much less than 1 µm. Third, the large
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Figure 4.12: (Left) Dependence of beam diameter on the propagating distance
for the beams generated by a combination of a spiral phase plate with an
axicon at different divergence of the entrance beams. (Right) Dependence
of the Bessel beam divergence and the maximum “Bessel-like" propagation
length on the divergence of the incoming beam.

scattering angles of x-rays captured in coherent diffractive imaging implies that the
distance from the aerodynamic lens nozzle to the x-ray focus should be no smaller
than 10 mm to 20 mm. And finally, the intensity of the beam should be high enough
to provide optical forces of sufficient strength to quickly direct the particles exiting
the aerodynamic lens nozzle at speeds of the order of 50 m s−1 to 100 m s−1 to the
desired focal point.
Summing up, the experimental conditions of optical compression of a jet of
particles in FEL experiments imply that the doughnut-shaped funnel beam should
have a waist of a few micrometer, should expand to 50 µm to 100 µm over a distance
of 20 mm (a length-to-diameter aspect ratio 1,000, or in terms of beam divergence,
3.5 mrad), and that the intensity of the beam should divert the one-micron particles
moving with the speed of 50 m s−1 to 100 m s−1 to the x-ray focus of the FEL. The
doughnut-shaped profile of a first order Bessel-like beam seems to be the most
plausible option to satisfy all these requirements simultaneously, see Ch. (2).
71

4. Levitation in a diverging vertical vortex beam

4.7.1

Construction with an axicon and a phase plate

Building structural beams with optical elements requires high laser intensity, which
is critical for applications using optical forces at and below the piconewton. The
experimental setup is shown in Fig. (4.11). A first-order Bessel beam was constructed
by illuminating an axicon with a vortex beam with topological charge l = 1 formed
by a phase plate. The result is a slowly diverging Bessel-like beam with diameter
ranging from 5 µm to 50 µm over a propagation distance of 20 mm, i.e. the divergence
angle is 1 × 10−3 mrad. The beams were analysed with an imaging system consisting
of a de-magnifying telescope and a CCD camera.

A vortex beam with a single topological charge was formed by propagating
the expanded linearly polarised beam of a 532 nm continuous wave laser (Coherent
Verdi G5SLM) operated at 100 mW through a 16-step phase plate (Holo/Or Ltd). A
Galilean telescope constructed from a pair of 150 mm lenses was used to control the
divergence of the beam entering the axicon with a base angle 0.5 deg: increasing the
incident beam divergence caused an increase in the divergence of the output beam.
The beam was then demagnified with a telescope comprised of a lens (f = 600 mm)
and a microscope objective (WD = 10.6 mm). The imaging system consisted of a
20x microscope objective and a CCD camera placed on a translation stage. It was
designed to characterise the resulting field after the last telescope in three dimensions.
The dependence of the central core diameter on the distance from the axicon and
the resulted beam divergence is shown in Fig. (4.12).
The increase in divergence of the central core of the beam resulted in corresponding shortening of the maximum Bessel-like propagation range of the beam, which is
clearly seen. Control over the divergence of the Bessel-like beam was performed
in the following way. To obtain the desired beam size, the magnification of the last
telescope has to be large, which results in a short Rayleigh range of the demagnified
Bessel beam. With the desired beam size and divergence, the propagation distance
of the beam is even shorter, typically less than 0.5 mm, which is does not satisfy the
FEL experiment requirements. For this reason, it seems that the best option is to
form the required Bessel-like beam by using a computer controlled SLM.

4.7.2

Constructing a Bessel-like optical funnel with a spatial light
modulator

Spatial light modulators (SLMs) offer great flexibility to construct beams with virtually any desired architecture and to change the structure of the beam with time.
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Figure 4.13: Experimentally measured spatial intensity distribution of a funnellike slowly diverging first order Bessel beam (only the inner ring shown) with
a divergence angle of 0.2° over the 20 mm distance, the total power on SLM
was 7.67 mW, and the power of the total cross-section of the Bessel beam
was 1.87 mW. (Top left) The radius of the inner confining ring is expanding
2 µm to 40 µm over 20 mm; the width of the line reflects the experimental
error bars. (Top right) The maximum intensity in the confining ring drops
more than three orders of magnitude over the propagation distance of 20 mm;
the minimum intensity on the beam is about an order of magnitude lower
than the maximum in the same cross-section. (Bottom) The two-dimensional
intensity map recovered from experiments provides a template to predict
particle tracks entering the beam.

One of the limitations however is the incident laser fluence, which is bounded at
1 W cm−2 by the damage threshold of the SLM.
For this demonstration[63], the same experimental setup as in the previous
section was utilised, see Fig. (4.11). The SLM utilised here is a Holoeye Pluto, a
reflective phase only device with 1920x1080 pixels of 8 µm. Computer generated
holograms addressed to the SLM were designed to cover a negative lens (L) and
an axicon with internal angle γ = 0.5 deg, which can be respectively expressed as
ϕ L = −ikr 2 /2f and ϕ A = −ikr (n − 1)α, where k is the wave number, r the radial
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coordinate, f and n the focal length and refractive index of the calculated Fresnel
lens hologram α the base angle of the axicon hologram. The phase hologram is
obtained by simply superposing ϕ L and ϕ L A. Thus, a first order quasi Bessel beam
was formed right after the SLM, and the divergence of the beam can be varied by
changing the phase factor of the simulated lens. The diagnostic imaging system
remained the same.

4.8

Mapping of forces in a Bessel-like optical funnel

The intensity distribution, as shown in Fig. (4.13) was measured by imaging the
beam onto a calibrated CCD and correlating power measurements. The beam has the
desired spatial characteristics, i.e. an aspect ratio of 1000 and shows linear growth
in size over its propagation distance. The intensity of the inner, confining ring of
the Bessel beam falls over three orders of magnitude over its propagation distance.
This results in relatively much weaker forces at the opening of the optical funnel, as
the funnel seems not be “solid" enough to collimate a particle stream with a large
diameter. A more ideal solution would have the intensity along the axis of the funnel
be constant, which has been shown to be possible for a zero-order Bessel beam using
an iterative algorithm for hologram generation [43]. This would allow the funnel
to pick up and collimate particles entering it at speeds, angles and wider spatial
distribution away from the axis.
As shown earlier, see Ch. (1), the inner core of a Bessel-like beam can be well
approximated using a Laguerre-Gaussian doughnut mode, whose intensity has been
calibrated to optical force on micrometer-sized particles earlier. The spatial intensity
distribution of the Bessel-like created with the SLM, and measured above, then allows
the calibration of the optical force induced by this beam as well. This calibration
is valid due to the time-averaged Poynting vectors of both the Laguerre-Gaussian
(helical) and Bessel-like (conal) wavefronts being aligned to the optical axis. As
the intensity profile of the Bessel-like beam is well approximated by the LaguerreGaussian profile only within the inner ring, no effort to explain force outside of
it is made. In principle, the Bessel-like funnel consists of a number of stacked or
layered funnels that can confine particles, but with each successive outer ring of the
beam having lower intensity, this is exceedingly unlikely. The optical forces induced
by the Bessel-like beam are shown in Fig. (4.14). The aspect ratio of the intensity
distribution, Fig. (4.13), is clearly reflected in the map of optical forces.
Comparing Fig. (4.10) and Fig. (4.14), the difference is clear. The vortex-like
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Figure 4.14: A distribution of force imposed on a 1 µm diameter particle by an
upward propagating diverging Bessel-like beam carrying a total of 5 W beam
within the innermost ring. (Left) The axial component of the force, where the
maximum force is at the ring of maximum intensity of the beam. (Right) The
transverse component of the same force. Due to the approximated intensity
distribution being valid only within the innermost ring, force points inwards
only.
funnel, has divergence angle of 3.1°, an order of magnitude larger than the 0.2° of the
Bessel-like beam. A direct consequence of this is the dramatically increased effective
interaction length of any particle entering either funnel geometries.
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4.9

Chapter summary

The main points of this chapter are summarised below:

• I constructed an optical funnel based on two key beam geometries,
utilising the hollow-core nature of a Laguerre-Gaussian beam and a
Bessel-like beam.
• Calibrated levitating optical forces and determined transverse spring
constant for optical funnel.
• I demonstrated the dependence of forces on the state of polarisation,
which includes the case of spatially variable polarisation in radially
and azimuthally polarised beams.
• Experimentally verified the dependence of forces on gas pressure. As
indicated in Ch. (1), the photophoretic force increases as pressure drops,
reaching a maximum around Kn ∼ 1, and decreasing afterwards.
• Mapped the experimentally measured optical forces against absorbed
intensity calculations at various pressures, laser intensities, optical
properties of the particle and the beam geometry.

The conducted series of experiments demonstrates that optical trapping with
optically induced photophoretic forces in gaseous media is developing from a proofof-principle concept into a powerful quantitative tool for touch-free diverging and
focusing jets of particles in a desirable and predicted manner. My work is essential
in the development of a funnel-shaped optical levitation trap and calibrated optical
forces in the trap depending on laser intensity and beam geometry. The force maps
are used to determine trajectories of an aerosolised stream of particles in the optical
funnel, presented in Ch. (5).
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Collimating and concentrating aerosol jets
with diverging hollow-core light beams

5

This chapter details the main application of my work, to develop the concept of
compressing aerosol jets with an optical funnel. The root of this problem lies with
the currently extremely low efficiency of sample injection at coherent diffractive
imaging experiments, as introduced in Sec. (1.4). The concept is again illustrated
in Fig. (5.1). Before detailing the results of flight trajectories and a demonstration
thereof, I will start with the initial demonstration of deflecting an aerosol stream
with a laser beam.

5.1

Aerosol injection in single-particle imaging
experiments

Single particle imaging experiments with pulsed x-ray lasers heavily rely on timely
delivery of monodisperse sample particles into the focus of the x-ray beam. To create
a collimated aerosol jet, an aerosolised sample flows along a sequence of concentric
apertures due to a pressure gradient. This is referred to as an aerodynamic lens
stack. The introduction of Helium gas, which is transparent for x-rays in the ’waterwindow’ spectral range is the way to improve significantly the signal-to-noise ration
and increase the influence of the photophoretic force at the same time.
The aerosol injector used in our experiments to date was bought from the
University of Uppsala, Sweden, which uses a gas-dynamic virtual nozzle to aerosolise
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Figure 5.1: Schematic implementation of the optical funnel aiming to confine
and guide a jet of particles towards the focal spot of an x-ray laser. (Left)
Illustration of the stream of particles spread over a cross section of 1000 µm2 .
The particle stream is stochastically intersected by the pulsed x-ray source,
with a cross section of only 10 µm2 . (Right) Collimation of the jet of particles
with 70 µm diameter into the focal diameter of the stationary x-ray source
with an optical funnel.
a sample. The velocity of monodispersed particles produced by this injector varies
with the pressure differential along the lens stack. At the initial standard operating
pressures yielding a pressure gradient of 1 × 104 mbar across the lens stack, particle

velocity was estimated to be 20 m s−1to100 m s−1 . We have recently published work
on in-situ diagnostics of aerosol injectors[64].

5.2

Deflecting aerosol jets with light

Working together with my collaborators from DESY (Deutsches Elektronen-Synchrotron),
I performed design and construction of optical funnels based on diverging Bessel-like
beams for experiments at the Centre for Free-electron Laser Science (CFEL), situated
on the campus of DESY. The counter-propagating beam was collinearly aligned to
an aerosolised jet of particles streaming towards the focus of a free-electron x-ray
laser.
The experiments were performed with 2 µm diameter polystyrene spheres continuously injected with an estimated speed of 50 m s−1 to 100 m s−1 and collected onto
a microscope slide. The microscope slides were covered in a clear adhesive gel, and
located at a distance of 66 mm from the nozzle (the exit aperture of the aerodynamic
lens stack, see Fig. (5.1)). The jet cross-section was estimated by measuring the
particle distribution on a gel under a microscope, being 70(5) µm in diameter. A 4 W
cw Bessel-like beam with diameter of 75 µm was formed by a helical phase plate and
an axicon with a base angle of 0.5°, directed opposite to the jet propagation through
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Figure 5.2: The concept of beam deflection experiments with a 4.2 W coaxial
Bessel-like beam counter-propagating the jet of particles is shown on the left.
After careful alignment to the laser beam, the aerosol jet assembly was shifted
orthogonally to the propagation axis of the laser beam using a motorised
positioning stage. With the injector consistently running, the microscope
slide was translated using a second motorised stage, held in position for a
fixed ‘exposure’ time, and translated again, resulting in a series of dusting
spots as seen in the figure. The centre pane shows an enlarged view taken at
a transverse shift of beam and injector of 75 µm. A 10 µm to 15 µm difference
in the centre of mass of the dusting spots is visible between the laser beam
being absent (dashed line) and present (solid line). The right panel illustrated
the concept of this deflection. The misaligned of injector relative to beam
causes the beam to deflect particles that are confined within the hollow-core.

the microscope slide and aligned collinearly with the jet. In this configuration the
injected particles enter the central ring of the Bessel beam. By shifting the jet in
the transverse plane by 25 µm, 50 µm, 75 µm and 100 µm relative to the Bessel beam
we were able to repeatedly and reliably shift the position of the particles arriving
on the slide by up to 80 µm when the laser beam was present and return the jet to
the original path when the beam was absent, see Fig. (5.2). In these preliminary
experiments we were able, constrained by space in the vacuum chamber, to precisely
adjust the collinearity of the Bessel beam and the jet only in one particular point in
space. For this reason we were looking for the evidence of the interaction between
the laser beam and the jet of particles. The results presented in Fig. (5.2) clearly
and repeatedly demonstrated the effect of deflection of the particle stream by the
hollow-core laser beam, by a distance of up to half of the diameter of the jet.
The observed effect is relatively small, due to the overall low power in the inner
core of the Bessel-like beam. To simplify the problem, and demonstrate overall practicability of the optical funnel concept, the following experiments were conducted
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with optical vortex beams, rather than Bessel-like beams.
To further the understanding of the beam geometries and laser powers required
to achieve good confinement of particles entering the diverging counter-propagating
beam funnel, I used the mapping of the absorbed laser power obtained in the previous
chapter to calibrate effective force, see Fig. (4.10). In order to simulate trajectories,
for the sake of simplicity, I consider fully absorbing micrometer-size particles at
atmospheric pressure with water-like density, which is common for many biological
samples, injected into the funnel at various distances from and parallel to but at
various offset away from the optical beam axis.

5.3

Modeling particle trajectories: the frictionless case

To calculate the trajectories, I consider particles entering the laser field in free flight
parallel to the beam axis, without significant transverse velocity components. The
equations of motion are given by the coupled system:


m ∂t2x = F x (x(t), z(t))



 m ∂ 2z = Fz (x(t), z(t)) − mд,
t


(5.1)

where F x,z are the transverse and axial components of the force field calculated with
the model described in the previous chapter, m is the particle mass and д = 9.8 m s−2
is the free-fall acceleration. I do not consider friction due to the gas viscosity here,
which will be dealt with in Sec. (5.4).
The following conditions are in place for these computations, solved with the
default MATLAB ode23s stiff solver: The particles enter the interaction region
40 mm from the focal plane of the optical funnel, parallel to the beam axis, the beam
waist is wl = 2.5 µm, the divergence is θ = 3.1°, as described earlier. The total laser
power in the beam is 5 W. I then vary the offset of the initial particle position from
the optical axis for particles with a fixed entrance speed of 15 m s−1 and vary the
particle speed for a fixed offset of 10 µm, see Fig. (5.3).
As can be seen from the figures, a particle with an initial speed of 15 m s−1
injected at a transverse offset of 5 µm to 10 µm is deflected inwards and directed to
the focal point inside a 2.5 µm ring. However, the particle injected with an offset
of 20 µm penetrates the funnel wall and is deflected further away from the axis.
Particles entering the interaction region within the 2.5 µm waist of the vortex ring
will pass through the focal area of the beam unaided, and are considered confined
regardless of the trapping laser.
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Figure 5.3: Examples of the calculated trajectories for a 1 µm diameter particle
entering the optical funnel with a total laser power of 5 W. The scale on
the right shows the logarithm of laser intensity illuminating the particles in
various points of the beam. (Left) Trajectories of particles entering the trap
with 15 m s−1 at a transverse offset of 5 µm with various speeds. While the first
two are reliably trapped and directed to the focus, the particle starting at 20 µm
penetrates through the ring of maximum intensity and escapes confinement.
(Right) Trajectories of particles entering at a fixed offset of 10 µm from the
axis with varying initial speed. The slowest particle is decelerated axially
to a full stop by the confining beam, far away from the focal area, and then
propelled away upwards. The fastest is deflected away to escape the trap. The
particles with intermediate speed are trapped in the core of the beam and
passes through the focus inside the doughnut.

The right panel of the figure shows the traces for the same particle entering
the trap at a fixed offset of 10 µm but with various speeds. The particle entering
with 30 m s−1 penetrates the trap and deflects further away from the axis, while the
slowest one with 10 m s−1 is axially reflected far above the waist at about 1 mm above
the focal plane. The speed range for which the particles reach the focus is 12 m s−1
to 20 m s−1 , where the particle moving with 15 m s−1 goes straight into the focus of
the trap. Note that the 12 m s−1 particle oscillates in a damped motion in the neck of
the optical funnel and thus spends a much longer time in the focal area, reaching up
to milliseconds in the focal area, while the 20 m s−1 particle passes through the 5 µm
focus in just 0.25 µs.
Slowing the particles confined to the focal area is the ideal case to achieve in the
coherent X-ray diffractive imaging experiments when x-ray pulse rates are limited.
On the other hand, at future XFEL sources that operate at MHz pulse repetition
rates, it is instead advantageous to maintain velocities of about 10 m s−1 to 100 m s−1
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Figure 5.4: Parameter-space-acceptance plots for three particles with diameters of 0.5 µm, 1 µm and 1.5 µm, respectively, entering the beam geometry
presented in previous figures. The contour colour indicates laser power, increasing in five steps from 1 W (black) to 5 W (red). The areas inside the
contours (to the left of the lines) indicate particles that are deflected into the
interaction region, i. e., within the size of the 2.5 µm waist of the vortex ring,
and are considered confined.

in order to avoid pre-exposure to the x-ray beam, or debris from other interacting
particles, prior to the time at which particles reach the focus. The deflection of the
particle depends strongly on the laser power of the trapping beam. For example, a
laser power of 1 W is not sufficient to trap a 1 µm particle moving at 15 m s−1 , it is
deflected outwards after piercing through the high-intensity wall of the doughnut
beam. At higher laser powers, the particle is deflected inwards, and oscillates in a
dampened motion around the dark core. With further increase of laser power, the
particle deflects from the trap without entering the focal area.
In order to summarise the parameters required to achieve confinement of fastmoving light-absorbing particles in our trap, I label a particle as confined when it
passes through the focus of the laser beam within the vortex beam, similar to the
green and red traces in the left panel and and the green and blue traces in the right
panel of of Fig. (5.3). The parameter space here is at least 4-dimensional, considering
the initial velocity, the transverse offset, the laser power and particle radius. A few
slices through the parameter space for confined particles are shown in Fig. (5.4).
The parameter space could include further variables, for example, initial transverse momentum, optical absorptivity, gas pressure and particle density. The lowest
boundary of each contour shows a floor of initial velocities where particles are no
longer trapped due to deceleration to a full stop and ejection upwards out of the trap
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without reaching the focal plane, as shown in Fig. (5.3). The boundary also shows the
maximum initial velocity for each particular initial offset for the trapped particles.
The visible ceiling is the upper limit of particle momenta that can successfully be
trapped. The particles entering the interaction region within the waist of the vortex
ring of 2.5 µm are confined regardless of the presence of the trapping laser.
The presented results show that small particles are much easier to confine,
even at higher speeds, as their momentum is much smaller. The larger the aerosol
particles, the more selective the trap is in terms of initial velocities of particles
that are successfully trapped. Compare the phase space areas circumscribed by
the contours in the left and right panels in Fig. (5.4) for example. The parameter
space can be used to evaluate the efficiency of the trap. Taking particles of size 1 µm
travelling at 15 m s−1 in the beam geometry shown in Fig. (5.3), and using the full
available laser power of 5 W, one can see from Fig. (5.4) that the radial distance at
which one successfully captures the particle is 11 µm, a 4.4-fold increase over the
2.5 µm distance considered as trapped in the absence of the trapping beam. This
yields a 20-fold increase in achievable particle density. Moreover, it suggests orders
of magnitude reduction in particle speed, which is very desirable in many potential
applications such as X-ray morphology of particles by diffraction scattering.

5.4

Particle trajectories considering the effect of air friction

Friction only appears when the particle has a different speed relative to the gas. In
an aerosolised jet of particles moving at the same velocity as the carrier gas, friction
or drag is negligible. After exiting an aerosol injector into vacuum, where the carrier
gas expands and reaches approximately sonic speeds, particles typically cease to
accelerate due to reduced pressure and hence reduced drag. However, in some cases
drag forces may play a major role in the trajectory of a particle. As an example,
consider the case in which particles are injected into a gas with at terminal velocity.
The terminal velocity vt for particles falling freely is given by Stoke’s law:
vt =

2 ρp − ρд 2
дrp ,
9
µ

(5.2)

where ρp,д are the density of particle and gas, respectively, and µ is the dynamic
gas viscosity. For air with a viscosity of µ = 18.6 µPa s at atmospheric pressure,
and for 0.5 µm and 5 µm particles, the terminal velocities are 3 mm s−1 and 15 mm s−1
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Figure 5.5: Particle trajectories calculated in air at atmospheric pressure taking
into account drag force in a 5 W optical funnel with intensity field as above. A
10 µm diameter particle enters the light field at its terminal velocity for a range
of initial offsets away from the axis. The right panel shows the magnified area
(circled in the left panel) where the vertical speed of particle dropped down to
0.1 mm s−1 and the particle started accelerating toward the beam axis. Note
that for better visibility the vertical scale is in millimetres and the radial offset
is in micrometers.
correspondingly. The equations of motion are now:


m ∂t2x = F x (x(t), z(t)) + 6π µrp ∂t x



 m ∂ 2z = Fz (x(t), z(t)) + 6π µrp ∂t z − mд.
t


(5.3)

The trajectories for a larger, 5 µm particle injected into the funnel with initial
speed of 3 mm s−1 at various distances from the beam axis are shown in Fig. (5.5).
The laser power in the beam is again 5 W, and the intensity distribution in the optical
funnel is the same as in Fig. (5.3). The linear relationship of the drag force and particle
velocity completely dampens the oscillations observed previously. Due to their larger
size compared to the beam waist, the particles are unable to fall through the focus,
and the drag force limits the particle momentum to such values that the particles are
unable to pierce through the trap as observed in the frictionless case. The particle
simply falls into the funnel and, after deceleration caused primarily by drag forces,
is guided along the contours of the laser beam where gravity is counterbalanced
against the vertical optically-induced forces. The particle moves along this contour
until reaching its equilibrium position above the laser focus, where both vertical and
transverse forces are balanced.
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5.5. Parameter-space for a Bessel-like beam
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Figure 5.6: Parameter-space-acceptance plots for three particles with diameters of 0.5 µm, 1 µm and 1.5 µm, respectively, entering a Bessel-like funnel in
vacuum, see Fig. (4.13). Friction is neglected. The contour colour indicates
laser power, increasing in five steps from 1 W (black) to 5 W (red). The areas
inside the contours (to the left of the lines) indicate particles that are deflected
into the interaction region, i. e., within the size of the 2.5 µm waist of the
vortex ring, and are considered confined. In contrast to Fig. (5.4), the increase
in acceptance of the trap is significant.

5.5

Parameter-space for a Bessel-like beam

The ultimate goal is to be able to construct an optical funnel using a Bessel-like
beam, as described and characterised earlier. The advantages of Bessel beams is the
opportunity of creating a needle-like beam a few wavelengths in diameter yet a near
diffraction-free propagation distance orders of magnitude longer. The non-diffracting
property allows for creation of beams with a high aspect ratio, which is beneficial
for the beam geometries required at the x-ray laser experiments. The show-stopper
here is the low power efficiency of the generation of such beams with a spatial light
modulator. While naively this could be overcome by using a more powerful laser,
the damage threshold of current-generation devices is relatively low, rendering this
approach infeasible, for now.
The advantages of a Bessel-like approach are even more clearly observed in
Fig. (5.6), which is calculated using the intensity and force maps obtained in the
previous chapter, see Sec. (4.7).
The Bessel-like funnel has a much higher aspect ratio than a vortex-like funnel.
Whereas in the latter, see Fig. (4.10), the force acting on an aerosol particle drops
more than an order of magnitude over a distance of 1 mm, a similar drop in force
in the Bessel-like funnel occurs over a distance of 20 mm, compare with Fig. (4.14).
Considering the same example of a 1 µm diameter particle entering a 5 W Bessel-like
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funnel with an initial velocity of 15 m s−1 , we see that the particle can be captured
when entering the funnel as far as 20 µm away from the axis, twice the distance
possible with the vortex-like funnel. The particle density achievable with such a
funnel at 5 W represents a 60-fold increase over the unaided aerosol jet. The longer
interaction region, and thus time, of the aerosol particles in the funnel also causes
a more pronounced deceleration of the particles, which is the cause for the high
acceptance of the trap.
The results of these calculations reveal that a Bessel-like beam formed with equal
total power as a vortex beam offers a transverse offset twice larger, and an initial
velocity several times higher than the vortex-like funnel.

5.6

Experimental observation of predicted trajectories

The trajectories predicted for a microscopic particle entering an optical funnel
constructed from a diverging vortex beam, see Fig. (5.3), have been experimentally
observed. These observations were made using a Photron SA4 camera, which allows
us to record at high frame rates and short exposure times, down to 1 µs.
A 5 W Verdi V-5 was used as a confining laser, with a doughnut mode again
created by a 16-step radial phase mask. The resulting vortex beam was focused with
a simple 100 mm lens placed inside the vacuum chamber. With the vacuum chamber
was physically separated from the laser table and the roughing pumps located outside
the laboratory, beam pointing stability was good enough to be neglected in these
proof-of-principle demonstrations. With the chamber armed with a number of
motorised positioning stages, we were able to first align the trapping laser with the
aerosol stream coming from the injector. To obtain this alignment, we motorised the
folding mirror within the vacuum chamber, and the transverse and axial position of
the complete injector assembly, weighing in at several kilograms. Alignment was
achieved by dusting, see Fig. (5.2), in a ‘high’ and ‘low’ position separated by about
10 cm. This distance between alignment planes, and enough iterations of the dusting
procedure were sufficient to achieve coaxial alignment for the length of the injector
assembly, about 1 m, as evident by the perfectly centred beam exiting the upper end
of the injector, which essentially is a metre-long aluminium pipe.
The images and recordings were taken by imaging the particle stream with a 10x
long working distance (32 mm) microscope objective placed inside the chamber on yet
another motorised positioning stage. The camera was placed a considerable distance
away from the vacuum chamber window, resulting in significant magnification of
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Figure 5.7: Successive frames showing a particle slowing down and full reversal of particle flight direction. Shown is a 2 µm diameter polystyrene particle
traversing a 5 W optical vortex funnel, recorded at 500 Hz and an exposure
time close to 2 ms. The axial position is relative to the beam waist, which is
wl = 12 µm. The particle slows down to a full stop and reverses its direction
just above the focus. Note that the particle is illuminated by the confining
laser, and its size appears vastly exaggerated in the image. As the particle
moves upwards into regions of lower beam intensity, it’s upwards velocity
again slows down. These experiments were conducted at varying pressures,
which heavily influence the overall velocity of the particles. In this case, the
ambient pressure was of the order of 1 × 10−2 mbar.
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Figure 5.8: Observation of the damped oscillating trajectory predicted for
particles entering a vortex-like funnel. The average axial velocity of particles at the operating injector pressures is 5 m s−1 . The laser beam, with its
approximate location indicated by the red line, is set to 5 W. The particle
is reflected back and forth from the inner walls of the optical funnel. The
ambient pressure in the vacuum chamber here was 1 × 10−2 mbar.
the image. The particle shown in Fig. (5.7) enters the field of view of the camera
travelling at approximately 1 m s−1 , which is at the lower end of the estimated velocity
distribution of the aerosol jet. In this image, the waist of the optical vortex beam is
12 µm, placed approximately 1 mm below the indicated field of view. The particle
is seen to decelerate axially to a full stop, and reverse its direction of flight, caused
by the interaction with the confining beam. To be clear, this effect is not observed
when the laser beam is absent. The ambient pressure in the vacuum chamber was
∼ 1 × 10−2 mbar.

Under the same experimental conditions, albeit at a longer exposure of 10 ms,

a particle trajectory predicted in the simulations shown in Fig. (5.8) was recorded.
This is an important confirmation of my calculations, and confirms the way for our
future work in this area.
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5.7

Chapter summary

The main points of this chapter are summarised below:

• My modelling of the particle trajectories quantitatively agrees with the
experiments, the predicted dampened oscillations were observed.
• The experiments quantitatively demonstrate that the optical funnel
can increase the particle density within a small focal volume 20-fold at
the lower end of the velocity distribution.
• An optical funnel formed by a diverging vortex beam can deflect an
aerosolised stream of particles travelling up to 100 m s−1 .
• A theoretical approximation of the same effect for an optical funnel
constructed from a high-aspect ratio Bessel-like beam indicates a 60fold improvement of achievable particle density.
• The experiments demonstrate quantitatively that the optical funnel
can significantly alter the flight trajectory of particles. This are the
first experimental indications that hollow-core light beams are able to
influence fast-moving particles, going as far as decelerating them to a
full stop and reversing their direction.

The presented analysis of optical forces provides the basis for further optimisation of the laser funnel beam in terms of intensity and angle of divergence for a
particular particle size, speed, and the air pressure/vacuum environment, and for
targeting specific particles utilising their known optical and thermal properties. The
latest developments in building complex laser beam architectures by spatial beam
modulators include controlled and spatially variant polarisation states, and profiles
that change in time as a particle propagates through the trap. The possibilities for
optical manipulation of particle streams in a gas environment are manifold.
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6

The conducted series of experiments demonstrates that optical trapping with optically induced photophoretic forces in gaseous media is developing from a proofof-principle concept into a powerful quantitative tool for touch-free diverging and
focusing jets of particles in a desirable and predicted manner. I have developed a
funnel-shaped optical levitation trap and calibrated optical forces in the trap depending on laser intensity and beam geometry. The results of a quantitative analysis of
the photophoretic force and the stiffness of trapping achieved by levitating graphite
and carbon-coated glass shells of calibrated sizes in an upright diverging hollow-core
vortex beam shows the feasibility of diverting and confining an aerosolised jet of
particles to a desirable location and with micrometer-scale precision. Mapping of
forces to a particular intensity distribution in the beam allows us to build a parameter
space for focusing a jet of particles depending on particle size, speed, offset, velocity,
and laser power. This could be further extended to include, for example, initial
transverse momentum, optical absorptivity, gas pressure and particle density.
First proof-of-principal measurements of optical forces acting on a particle in
the optical funnel are very encouraging. However, there are several obstacles to
be resolved to perform predictable manipulation of particle streams with optically
induced forces. One of those is determining the maximum laser intensity on the
particle surface, which directly relates to the maximal force that could be applied to
a particular particle with certain optical and thermal characteristics on the one hand,
and to the maximum permitted temperature on the particle surface on the other.
Further development of the simulations for the interaction of the optical funnel
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with viruses and other biological macromolecules will require smooth integration of
Fresnel reflectivity with Mie scattering, which is vastly important when the size of
the objects to trap and guide approaches, or is lower than, the laser wavelength.
The obtained calibration of optical forces paves the way for two new key applications, namely, using the levitating trap as a weighing scale for masses in the
nanogram and picogram range, and as an optical funnel, or even more advanced
traps, for an aerosolised stream of microscopic particles in both vacuum and at
atmospheric pressure. Using a calibrated weight with fixed optical and thermal properties, the weight of a particle can be determined by the axial equilibrium position
established for the given laser power and ambient gas pressure.
We plan to use the optical funnel to enhance the efficiency of sample injection
in structural morphology diffraction experiments conducted at free-electron laser
facilities. In order to support the operational requirements of free-electron-laser
experiments, preferably working in high vacuum or in helium gas, our calibration
can be extrapolated into the free molecular flow regime. Given the presented measurements combined with our modelling of particle trajectories in the optical funnel
provides a promising pathway to guide micrometer and sub-micrometer size particles
into the focal spot of an x-ray free electron laser and to significantly enhance the hit
rate and increase the efficiency of nanometer-scale morphology measurements of
proteins and biomolecules in coherent diffractive imaging experiments[45].
The presented analysis of optical forces provides the basis for further optimisation of the laser funnel beam in terms of intensity and angle of divergence for a
particular particle size, speed, and the air pressure/vacuum environment, and for
targeting specific particles utilising their known optical and thermal properties. The
latest developments in building complex laser beam architectures by spatial beam
modulators include controlled and spatially variant polarisation states, and profiles
that change in time as a particle propagates through the trap.
The possibilities for optical manipulation of particles streams in gas and vacuum
environments, using the concept of an optical funnel developed in this thesis, are
manifold.
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This appendix contains the main pieces of code1 used to model the forces as described
in the previous chapters, if one wishes to repeat the work undertaken. The code is
ordered by its logical components, which happens to be broadly chronological as
well.

Calculating absorption of light on a sphere
Listing 1: Intensity of a vortex beam
function [ intensity w particlePower ] = vortexIntensity (X ,Y ,Z ,
w0 , totalPower , particleRadius )
% VORTEXINTENSITY Vortex intensity distribution propagating
along the z axis
1 Viewing

this document in Adobe Reader allows selection of lines without line numbers, useful
for copying and pasting the code. This feature is not supported in e.g. Preview.app or Skim.app at this
time.
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%
%

X ,Y , Z coordinates
w0 Initial beam radius
lambda = 532 e -9;
z0 = pi * w0 ^2/ lambda ;
% Change in waist over spherical surface may not be
neccessary
w = w0 * sqrt (1+( Z / z0 ) .^2) ;
% Get power on particle , ~.35% for 120/35
particlePower = totalPower *(1 -(1+(1/ w0 ) ^2) * exp ( -1/ w0 ^2) ) ;
rsquared = X .^2+ Y .^2;
% Enable multiple Z slices
sz = size ( Z ) ;
sx = size ( X ) ;
if ( sz ~= sx )
intensity = (4* totalPower / pi ) * repmat ( rsquared , [1 1
sz (3: end ) ]) ./ w .^4 .* exp ( -2* repmat ( rsquared , [1 1
sz (3: end ) ]) ./ w .^2) ;
else
intensity = (4* totalPower / pi ) * rsquared ./ w .^4 .* exp
( -2* rsquared ./ w .^2) ;
end
intensity = intensity / particleRadius ^2;

end

Listing 2: Split into s- and p-components as described in Eq. (2.5)
function [ pcomp , scomp ] = polComp (x ,y , phi )
% POLCOMP polarisation components on the sphere
% (x , y ) position on the sphere
% phi angle between phase components of incoming beam
sum = x .^2+ y .^2;
radialMask = sum > 1;
scomp = (( x .* sin ( phi ) -y .* cos ( phi ) ) .^2) ./ sum ;
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Calculating absorption of light on a sphere
pcomp = (( x .* cos ( phi ) + y .* sin ( phi ) ) .^2) ./ sum ;
scomp ( radialMask ) = 0;
pcomp ( radialMask ) = 0;
nanMask = sum ==0;
scomp ( nanMask ) =0;
pcomp ( nanMask ) =1;
end

Listing 3: Absorption in s and p components, see Eq. (2.8)
function [P , S ] = compAbsorption (X ,Y , nt )
% [P , S ] = compAbsorption (X ,Y , nt ) calculates the absorption
coefficients for
% S and P polarisation components according to the Fresnel
formulae .
%
nt is the index of refraction of the sphere
incident_angle = asin ( sqrt ( X .^2+ Y .^2) ) ;
transmit_angle = asin ( sin ( incident_angle ) / nt ) ;
diff = incident_angle - transmit_angle ;
sum = incident_angle + transmit_angle ;
P = 1 - abs ( tan ( diff ) ./ tan ( sum ) ) .^2;
S = 1 - abs ( sin ( diff ) ./ sin ( sum ) ) .^2;
% Above formulae are undefined for normal incidence , ie
% incident_angle =0
P ( incident_angle == 0) = 1 - abs (( nt -1) /( nt +1) ) ^2;
S ( incident_angle == 0) = 1 - abs (( nt -1) /( nt +1) ) ^2;
end

Listing 4: Intensity distribution across sphere
function [ powerAbsorption nx ny nz absS absP ] =
powerAbsorption (x ,y ,z , phi , xoff , yoff , zoff , w0 , nt , totalPower ,
particleRadius )

95

MATLAB Sources
% POWERABSORPTION (X ,Y ,Z , phi , xi0 , w0 , n1 , xoff , yoff ) Calculate
power absorbed on particle
%
x ,y , z Coordinates
%
phi Angle between linear polarisation states
%
xi0 Ratio between particle and beam radii
%
w0 Initial beam radius
%
nt Complex index of refraction for the particle surface
( graphite )
%
xoff , yoff Beam offset from central symmetry position
% Get p , s components and their relative absorption
if ( isnumeric ( phi ) )
[p , s ]= polComp (x ,y , phi ) ;
else
if ( strcmp ( phi , 'r ') )
p =1;
s =0;
elseif ( strcmp ( phi , ' az ') )
p =0;
s =1;
else
error ( ' this polarisation is not defined ') ;
end
end
[ pabs , sabs ]= compAbsorption (x ,y , nt ) ;
% total absorption strength , need to mult by cos ( th ) = z / r =
z for flux
% integration !
absorptionStrengthS = bsxfun ( @times ,s , sabs ) .* z ;
absorptionStrengthP = bsxfun ( @times ,p , pabs ) .* z ;
absorptionStrength = ( absorptionStrengthP +
absorptionStrengthS ) ;
% Assume no power is transmitted through the sphere
absorbed =1;
% scale to Watts / cm ^2
intensity = vortexIntensity ( x + xoff , y + yoff , z + zoff , w0 ,
totalPower , particleRadius ) /10^4;
% illuminate only back side
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intensity (z <0) = 0;
powerAbsorption = bsxfun ( @times , absorptionStrength .*
absorbed , intensity ) ;
absS = bsxfun ( @times , absorptionStrengthS .* absorbed ,
intensity ) ;
absP = bsxfun ( @times , absorptionStrengthP .* absorbed ,
intensity ) ;
% Remove negative values caused by floating point errors
% powerAbsorption ( powerAbsorption <0) = 0;
% Surface normals are not needed with unit spheres .
Rather than using
% surfacepoint - > normal vector , we can use origin - >
surfacepoint vectors
% and scale them according to powerabsorption
nx = bsxfun ( @times , powerAbsorption , x ) ;
ny = bsxfun ( @times , powerAbsorption , y ) ;
nz = bsxfun ( @times , powerAbsorption , z ) ;
nz ( nz <0) =0;
end

Listing 5: Power absorbed on a sphere
function totalAbsorbedPower = integratedPowerAbsorption (
component , psi , xoff , yoff , zoff , w0 , nt , total , particleSize )
% INTEGRATEDPOWERABSORPTION Integrate powerAbsorption z component over sphere
function integ = intVortex ( theta , phi )
x = sin ( theta ) * cos ( phi ) ;
y = sin ( theta ) * sin ( phi ) ;
z = cos ( theta ) ;
switch component
case ' total '
[ integ ,~ ,~ ,~] = powerAbsorption (x ,y ,z , psi ,
xoff , yoff , zoff , w0 , nt , total , particleSize ) ;
case { 'x ' ,' xabs '}
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[~ , integ ,~ ,~] = powerAbsorption (x ,y ,z , psi ,
xoff , yoff , zoff , w0 , nt , total , particleSize ) ;
if ( strcmp ( component , ' xabs ') ) integ = abs ( integ )
; end
case { 'y ' ,' yabs '}
[~ ,~ , integ ,~] = powerAbsorption (x ,y ,z , psi ,
xoff , yoff , zoff , w0 , nt , total , particleSize ) ;
if ( strcmp ( component , ' yabs ') ) integ = abs ( integ )
; end
case { 'z ' ,' zabs '}
[~ ,~ ,~ , integ ] = powerAbsorption (x ,y ,z , psi ,
xoff , yoff , zoff , w0 , nt , total , particleSize ) ;
if ( strcmp ( component , ' zabs ') ) integ = abs ( integ )
; end
end
% surface element !
integ = integ * sin ( theta ) ;
end
% Scale by 10^4 to get Watt /( a m ^2) then rescale with a ^2
totalAbsorbedPower = dblquad ( @intVortex ,0 , pi ,0 ,2* pi ,1 e -6 ,
@quadv ) *1 e4 * particleSize ^2;
end

Absorbtion for Bessel-like illumation
This essentially repeats the above for a Bessel-like input.
Listing 6: Intensity of a Bessel-like beam
function intensity = besselIntensity (x ,y ,z , w0 , totalPower ,
particleRadius )
% First maximum ( first ring ) of a besselj (1 , x ) at
m = 1.841183781340659;
% kr = besselzero (1 ,1 ,1) /50 e -6;
k = 2* pi /532 e -9;
n =1.5;
gamma =0.5 * ( pi /180) ;
kr = k *( n -1) * gamma ;
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zmax = k / kr * w0 ;
r = sqrt ( x .^2+ y .^2) ;
l =1;
zz = z * particleRadius ;
intensity = zz .^(2* l +1) .* exp ( -2*( zz ./ zmax ) .^2) .*
besselj (l , particleRadius / w0 * m * r ) .^2;
intensity (z <0) = 0;
intensity = intensity / particleRadius .^2;
end

Listing 7: Absorbed intensity distribtion of a Bessel-like beam
function [ powerAbsorption nx ny nz absS absP ] =
besselPowerAbsorption (x ,y ,z , phi , xoff , yoff , zoff , w0 , nt ,
totalPower , particleRadius )
% POWERABSORPTION (X ,Y ,Z , phi , xi0 , w0 , n1 , xoff , yoff ) Calculate
power absorbed on particle
%
x ,y , z Coordinates
%
phi Angle between linear polarisation states
%
xi0 Ratio between particle and beam radii
%
w0 Initial beam radius
%
nt Complex index of refraction for the particle surface
( graphite )
%
xoff , yoff Beam offset from central symmetry position
% Get p , s components and their relative absorption
[p , s ]= polComp (x ,y , phi ) ;
[ pabs , sabs ]= compAbsorption (x ,y , nt ) ;
% total absorption strength , need to mult by cos ( th ) = z / r =
z for flux
% integration !
absorptionStrengthS = bsxfun ( @times ,s , sabs ) .* z ;
absorptionStrengthP = bsxfun ( @times ,p , pabs ) .* z ;
absorptionStrength = ( absorptionStrengthP +
absorptionStrengthS ) ;
% Assume no power is transmitted through the sphere
absorbed =1;
% scale to Watts / cm ^2
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intensity = besselIntensity ( x + xoff , y + yoff , w0 , totalPower ,
particleRadius ) /10^4;
% illuminate only back side
intensity (z <0) = 0;
powerAbsorption = bsxfun ( @times , absorptionStrength .*
absorbed , intensity ) ;
absS = bsxfun ( @times , absorptionStrengthS .* absorbed ,
intensity ) ;
absP = bsxfun ( @times , absorptionStrengthP .* absorbed ,
intensity ) ;
% Remove negative values caused by floating point errors
% powerAbsorption ( powerAbsorption <0) = 0;
% Surface normals are not needed with unit spheres .
Rather than using
% surfacepoint - > normal vector , we can use origin - >
surfacepoint vectors
% and scale them according to powerabsorption
nx = bsxfun ( @times , powerAbsorption , x ) ;
ny = bsxfun ( @times , powerAbsorption , y ) ;
nz = bsxfun ( @times , powerAbsorption , z ) ;
nz ( nz <0) =0;
end

Listing 8: Power absorbed on a sphere for Bessel-like illumination
function totalAbsorbedPower = besselIntegratedPowerAbsorption
( component , psi , xoff , yoff , zoff , w0 , nt , total , particleSize )
function integ = intVortex ( theta , phi )
x = sin ( theta ) * cos ( phi ) ;
y = sin ( theta ) * sin ( phi ) ;
z = cos ( theta ) ;
switch component
case ' total '
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[ integ ,~ ,~ ,~] = besselPowerAbsorption (x ,y ,z ,
psi , xoff , yoff , zoff , w0 , nt , total ,
particleSize ) ;
case { 'x ' ,' xabs '}
[~ , integ ,~ ,~] = besselPowerAbsorption (x ,y ,z ,
psi , xoff , yoff , zoff , w0 , nt , total ,
particleSize ) ;
if ( strcmp ( component , ' xabs ') ) integ = abs ( integ )
; end
case { 'y ' ,' yabs '}
[~ ,~ , integ ,~] = besselPowerAbsorption (x ,y ,z ,
psi , xoff , yoff , zoff , w0 , nt , total ,
particleSize ) ;
if ( strcmp ( component , ' yabs ') ) integ = abs ( integ )
; end
case { 'z ' ,' zabs '}
[~ ,~ ,~ , integ ] = besselPowerAbsorption (x ,y ,z ,
psi , xoff , yoff , zoff , w0 , nt , total ,
particleSize ) ;
if ( strcmp ( component , ' zabs ') ) integ = abs ( integ )
; end
end
% Don 't forget the surface element !
integ = integ * sin ( theta ) ;
end
% Scale by 10^4 to get Watt /( a m ^2) then rescale with a ^2
totalAbsorbedPower = dblquad ( @intVortex ,0 , pi ,0 ,2* pi ,1 e -3 ,
@quadv ) *1 e4 * particleSize ^2;
end

Mapping power absorption in the beam
Listing 9: Total power absorbed on the surface of the particle depends on the
illumination, and therefore the position of the particle in the beam. This brute
forces a map of power absorbed on the particle at all positions in the beam.
addpath ( genpath ( pwd ) )
% this is particle radius
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particle = 1e -6;
beam = linspace (1 , 2.5 , 3000) * 1e -6;
offsets = linspace (0 , 100 , 100) ; % Offset is given in units
of particle size , i should fix that at some point
% Call signature :
% integratedPowerAbsorption ( component , psi , xoff , yoff , zoff , w0 ,
nt , total , particleSize )
for ii = 1: numel ( beam )
for jj = 1: numel ( offsets )
intPowX ( ii , jj ) = integratedPowerAbsorption ( ' xabs ' , 0 ,
offsets ( jj ) , 0 , 0 , beam ( ii ) / particle * sqrt (2) ,
2.66+1.33 i , 1 , particle ) ;
disp ([ num2str ( ii ) ': ' num2str ( jj ) ])
end
end
save ( ' absorbed_map_transverse_particle1u_beam2 .5 -3000
u_1w_carbon . mat ' , ' particle ', ' beam ' , ' offsets ', ' intPowX ')
for ii = 1: numel ( beam )
for jj = 1: numel ( offsets )
intPowZ ( ii , jj ) = integratedPowerAbsorption ( 'z ' , 0 ,
offsets ( jj ) , 0 , 0 , beam ( ii ) / particle * sqrt (2) ,
2.66+1.33 i , 1 , particle ) ;
disp ([ num2str ( ii ) ': ' num2str ( jj ) ])
end
end
save ( ' absorbed_map_particle1u_beam2 .5 -3000 _1w_carbon . mat ' , '
particle ', ' beam ' ,' offsets ', ' intPowZ ')

Calculating particle trajectories
The particle trajectory under the influence of the guiding laser beam is calculated as
shown in the previous chapters. The code below sets up the problem for the PDE
solver, and then solves it:
Listing 10: The problem is set up using the calibration curves obtained in
Fig. (4.5).
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function problem = trajectory_problem ( particleRadius ,
beamRadius )
% Check for the two files .
file_axial = sprintf ( ' analysis - files / calibrating - force - to
- experimental - data / absorbed_map_particle %.2 gu_beam %.2 g
-%.0 fu_1w_carbon_highres . mat ' , particleRadius ,
beamRadius (1) , beamRadius (2) ) ;
file_transverse = sprintf ( ' analysis - files / calibrating force - to - experimental - data /
absorbed_map_transverse_particle %.2 gu_beam %.2 g -%.0
fu_1w_carbon_highres . mat ', particleRadius , beamRadius
(1) , beamRadius (2) ) ;
load ( file_axial , ' beam ' , ' offsets ', ' particle ' ,' intPowZ ') ;
load ( file_transverse , ' intPowX ') ;
% load ( ' analysis - files / calibrating - force - to - experimental data / absorbed_map_particle .5 u_beam2 .5 -3000 u_1w_carbon .
mat ' ,' beam ' , ' offsets ' ,' particle ' ,' intPowZ ') ;
% load ( ' analysis - files / calibrating - force - to - experimental data / absorbed_map_transverse_particle .5 u_beam2 .5 -3000
u_1w_carbon . mat ', ' intPowX ')
% load fits
axial = load ( ' analysis - files / calibrating - force - to experimental - data / predicition_axial_fit ') ;
transverse = load ( ' analysis - files / calibrating - force - to experimental - data / predicition_transverse_fit ') ;
% Remember to not double up 0
offsets = [ - flip ( offsets ) offsets (2: end ) ] * particle ;
[ offsets , beam ] = meshgrid ( offsets , beam ) ;
intPowZ = [ flip ( intPowZ ,2) intPowZ (: ,2: end ) ];
intPowX = [ flip ( intPowX ,2) intPowX (: ,2: end ) ];
% radius
particle_radius = particle ;
% Force mapping
% Axial was fitted as log10 ( force ) = a * log10 (
absorbed_power / totalpower ) + b
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% In linear terms : force = 10^ b ( absorbedpower / totalpower
)^a
% For now , evaluated at atmospheric pressure
mapping . axial = @ ( absorbed ) 10.^ feval ( axial . fit , log10 (
absorbed ) , ' 1000 ') ;
force_axial = mapping . axial ( intPowZ ) ;
% Transverse was fitted as log10 ( stiffness / totalpower ) =
a * ( particle / beam size ) + b
% In linear terms : stiffness / totalpower = 10^( b + a *
particle / beamsize )
% This maps ratio to stiffness / totalpower
mapping . transverse = @ ( ratio ) 10.^ feval ( transverse . fit ,
ratio , ' 1000 ') ;
% Get the stiffness for particle / beam
stiff = mapping . transverse ( particle ./ beam (: ,1) ) ;
stiff = repmat ( stiff , 1 , size ( intPowX ,2) ) ;
% Need to look at the radial profile of the beam . Highest
force should be at points of maximum slope
intensity = @ (r ,w , total_power ) (1/ pi ) * r .^2./ w .^4 .* exp
( - r .^2./ w .^2) * 2 * total_power / pi ;
% normalized
imap = intensity ( offsets , beam , 1) ;
% step size of display_offsets
h = diff ( offsets (1 , [1 2]) ,[] ,2) ;
% gradient of imap
gimap = gradient ( imap , h ) ;
% normalize
gimap = gimap / max ( gimap (1 ,:) ) ;
force_transverse =

gimap .* stiff .* abs ( offsets ) ;

problem . force . transverse = force_transverse ;
problem . force . axial = force_axial ;
problem . offsets = offsets ;
problem . beam = beam ;
problem . intensity = imap ;
problem . intpowx = intPowX ;
problem . intpowz = intPowZ ;
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problem . eta = 1.9 e -5; % Pascal seconds
problem . particle_density = 1000; % kg / m ^3
problem . particle_radius = particle_radius ;
% need to turn the beam into real world z - coordinates .
z = @ (w , w0 , m2 , lambda , z0 ) sqrt ( abs (( w .^2 - w0 ^2) /( m2 *
lambda / pi / w0 ) ^2) ) + z0 ;
%
%
%
%

z = z ( beam *1 e6 , calibration . beam . fit . w0 , ...
calibration . beam . fit . m2 , ...
532 e -9 , ...
calibration . beam . fit . z0 ) ;
% Perfect beam .
z = z ( beam , min ( beam (:) ) , 1 , 532 e -9 , 0) ;
problem . z = z ;
% Terminal velocity ( if in air ) .

end

Listing 11: Solving the PDE using MATLAB builtins.
function sol = trajectory_solve ( problem , initial , power ,
maxtime )
b = 6* pi * problem . eta * problem . particle_radius ; % Ns / m
% b =1 e -15;
m = 4/3* pi * problem . particle_density * problem .
particle_radius ^3;
g = 9.81;
% fx = @ (x , z ) interp2 ( problem . offsets , problem . z , - power *
problem . force . transverse , x , z , ' linear ') ;
fx = griddedInterpolant ( problem . offsets ' , problem .z ', power * problem . force . transverse ' , ' linear ' ,' none ') ;
% fz = @ (x , z ) interp2 ( problem . offsets , problem . z , power *
problem . force . axial , x , z , ' linear ') ;
fz = griddedInterpolant ( problem . offsets ' , problem .z ',
power * problem . force . axial ' , ' linear ' ,' none ') ;
% The actual problem we are solving
function drdt = eqns_of_motion (t , r ) % (x , v_x , z , v_z )
% Full equatio
% x '= v_x , v_x ' = a_x , z '= v_z , v_z '= a_zn
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% drdt = [ r (2) ; fx ( r (1) ,r (3) ) / m - b / m * r (2) ; r (4) ; fz ( r
(1) ,r (3) ) / m - b / m * r (4) - g ];
% No drag
drdt = [ r (2) ; fx ( r (1) ,r (3) ) / m
; r (4) ; fz ( r
(1) ,r (3) ) / m - g ];
% Drag only
% drdt = [ r (2) ; -b / m * r (2) ; r (4) ; -b / m * r (4) - g ];
end
% This function triggers when the solver leaves the
precomputed
% boundary ( it will return NaN outside ) .
function [ value , isterminal , direction ] = events (t , r )
x = r (1) ;
z = r (3) ;
boundary_z = [ min ( problem . z (: ,1) ) max ( problem . z (: ,1) )
];
% offsets is symmetric
boundary_offsets = max ( problem . offsets (1 ,:) ) ;
% Check if x & z leave boundary .
value = [ abs ( x ) - boundary_offsets ; ... % X leaves
boundary
z - boundary_z (1) ; ... % Z leaves lower
boundary
z - boundary_z (2) ; % Z leaves upper
boundary
];
% Past the boundary , force map returns NaN . Force
event .
value ( isnan ( value ) ) = 0;
% Stop on events
isterminal = [1; 1; 1];
% terminate on bidirectional crossing ( default ) .
direction = [0; 0; 0];
end
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function status = odeboth (t ,y , flag , varargin )
odeprint (t ,y , flag , varargin ) ;
status = odeplot (t ,y , flag , varargin ) ;
end
% initial = [ x0 ; vx0 ; z0 ; vz0 ];
% Vectorized property effects stiff solves only ( ode23s )
opts = odeset ( ' Events ' , @events , ...
' InitialStep ' , maxtime /1000 , ...
%
' OutputFcn ' ,
@odeprint , ...% ' MaxStep ' , 100 , ...
' Refine ' , 10) ; % ...
% ' RelTol ' , 1e -8 , ...
% ' AbsTol ' , 1e -10 , ...
% opts = odeset ( ' InitialStep ' , maxtime /1000000) ;
% sol = ode15s ( @eqns_of_motion , [0 maxtime ] , initial , opts
);
sol = ode23s ( @eqns_of_motion , [0 maxtime ] , initial , opts )
;
sol . initial = initial ;
sol . power = power ;
% dsolve (
% notify ([ mfilename ' finished '])
end

Listing 12: Definition of a trapped particle
function trapped = trajectory_trapped ( problem , sol )
% Solver has a ' event ' if the particle leaves boundary .
% This needs to happen to meet our condition of trapped (
particle exits through the ' needle ')
if (~ isfield ( sol , ' xe ') )
trapped = 0;
else
% Check that event is within focus ( x ) and lower
boundary ( z ) .
lb = min ( problem . z (:) ) ;
ib = min ( problem . beam (:) ) ; % * sqrt (2) ;
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% Delete all - nan colums
soly = sol . y ;
soly (: , all ( isnan ( soly ) ) ) = [];
if ( abs ( soly (1 , end ) ) <= ib && soly (3 , end ) <= 2e -6)
% trapped = 1;
% This particle is trapped . Let 's assign it a
rank . 0 best .
% Not really used at the moment .
trapped = 1 - abs ( soly (1 , end ) ) / ib ;
else
trapped = 0;
end
end
end

Searching the parameter space
Listing 13: Searching the parameter space
addpath ( genpath ( ' analysis - files ') ) ;
% problem = trajectory_problem (0.5 , [2.5 3000]) ;
powers = [1:5];
xpos = [0:.5:20] * 1e -6;
speeds = [1:1:100];
radii = [0.25 0.5 0.75 1]; % this is in micron
parameter = dataset () ;
% supress warnings
warning ( ' off ', ' MATLAB : illConditionedMatrix ')
for h = 1: numel ( radii )
problem = trajectory_problem ( radii ( h ) , [2.5 3000]) ;
for i = 1: numel ( powers )
for j =1: numel ( xpos )
for k =1: numel ( speeds )
sol = trajectory_solve ( problem , [ xpos ( j ) 0
max ( problem . z (:) ) - eps - speeds ( k ) ] , powers (
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i ) , 0.1) ;
% p ( i ) = plot ( sol . y (1 ,:) * 1 e6 , sol . y (3 ,:) * 1
e6 ) ; drawnow ;
parameter = [ parameter ; dataset ( problem .
particle_radius , powers ( i ) , xpos ( j ) ,
speeds ( k ) , trajectory_trapped ( problem , sol
) ) ];
end
end
disp ([ num2str ( i ) '/ ' num2str ( numel ( powers ) ) ])
save ( ' checkpoint . mat ')
end
end
parameter . Properties . VarNames = { ' radius ' ,' power ' ,' xpos ', '
speed ', ' trapped ' };
save ( ' analysis - files / parameter - space / parameterspace_2 .5 -3000
u_longtime0 .1 sol . mat ' , ' parameter ' ,' powers ' ,' radii ' ,' speeds
', ' xpos ')
% % THE BELOW SHOULD NOT BE NEEDED ANYMORE
% %%%
% parameter . Properties . VarNames = { ' radius ', ' power ', ' xpos ' , '
speed ', ' trapped '};
% Now we hack problem for differnt particles size ( again ...
need to fix that up properly )
% Do the same with r =1 um . For this we hack trajectory_problem
load ( ' absorbed_map_particle1u_beam2 .5 -30
u_1w_carbon_highres . mat ' ,' beam ' , ' offsets ' ,' particle ' ,'
intPowZ ') ;
load ( ' absorbed_map_transverse_particle1u_beam2 .5 -30
u_1w_carbon_highres . mat ' ,' intPowX ')
% load fits
axial = load ( ' predicition_axial_fit ') ;
transverse = load ( ' predicition_transverse_fit ') ;
% Remember to not double up 0
offsets = [ - flip ( offsets ) offsets (2: end ) ] * particle ;
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[ offsets , beam ] = meshgrid ( offsets , beam ) ;
intPowZ = [ flip ( intPowZ ,2) intPowZ (: ,2: end ) ];
intPowX = [ flip ( intPowX ,2) intPowX (: ,2: end ) ];
% radius
particle_radius = particle ;
% Force mapping
% Axial was fitted as log10 ( force ) = a * log10 (
absorbed_power / totalpower ) + b
% In linear terms : force = 10^ b ( absorbedpower / totalpower
)^a
% For now , evaluated at atmospheric pressure
mapping . axial = @ ( absorbed ) 10.^ feval ( axial . fit , log10 (
absorbed ) , ' 1000 ') ;
force_axial = mapping . axial ( intPowZ ) ;
% Transverse was fitted as log10 ( stiffness / totalpower ) =
a * ( particle / beam size ) + b
% In linear terms : stiffness / totalpower = 10^( b + a *
particle / beamsize )
% This maps ratio to stiffness / totalpower
mapping . transverse = @ ( ratio ) 10.^ feval ( transverse . fit ,
ratio , ' 1000 ') ;
% Get the stiffness for particle / beam
stiff = mapping . transverse ( particle ./ beam (: ,1) ) ;
stiff = repmat ( stiff , 1 , size ( intPowX ,2) ) ;
% Need to look at the radial profile of the beam . Highest
force should be at points of maximum slope
intensity = @ (r ,w , total_power ) (1/ pi ) * r .^2./ w .^4 .* exp
( - r .^2./ w .^2) * 2 * total_power / pi ;
% normalized
imap = intensity ( offsets , beam , 1) ;
% step size of display_offsets
h = diff ( offsets (1 , [1 2]) ,[] ,2) ;
% gradient of imap
gimap = gradient ( imap , h ) ;
% normalize
gimap = gimap / max ( gimap (1 ,:) ) ;
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force_transverse =

gimap .* stiff .* abs ( offsets ) ;

problem . force . transverse = force_transverse ;
problem . force . axial = force_axial ;
problem . offsets = offsets ;
problem . beam = beam ;
problem . intensity = imap ;
problem . intpowx = intPowX ;
problem . intpowz = intPowZ ;
problem . eta = 1.9 e -5; % Pascal seconds
problem . particle_density = 1000; % kg / m ^3
problem . particle_radius = particle_radius ;
% need to turn the beam into real world z - coordinates .
z = @ (w , w0 , m2 , lambda , z0 ) sqrt ( abs (( w .^2 - w0 ^2) /( m2 *
lambda / pi / w0 ) ^2) ) + z0 ;
%
%
%
%

z = z ( beam *1 e6 , calibration . beam . fit . w0 , ...
calibration . beam . fit . m2 , ...
532 e -9 , ...
calibration . beam . fit . z0 ) ;
% Perfect beam .
z = z ( beam , min ( beam (:) ) , 1 , 532 e -9 , 0) ;
problem . z = z ;
clear axial beam force_axial force_transverse gimap h
imap intensity
clear intPowX intPowZ mapping offsets particle
particle_radius stiff transverse z

% Run the sim
for i = 1: numel ( powers )
for j =1: numel ( xpos )
for k =1: numel ( speeds )
sol = trajectory_solve ( problem , [ xpos ( j ) 0 max (
problem . z (:) ) - eps - speeds ( k ) ] , powers ( i ) ) ;
% p ( i ) = plot ( sol . y (1 ,:) * 1 e6 , sol . y (3 ,:) * 1 e6 ) ;
drawnow ;
parameter = [ parameter ; dataset ( problem .
particle_radius , powers ( i ) , xpos ( j ) , speeds ( k )
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, trajectory_trapped ( problem , sol ) ) ];
end
end
disp ([ num2str ( i ) '/ ' num2str ( numel ( powers ) ) ])
save ( ' checkpoint . mat ')
end
% Again , now for the smallest particle
% Do the same with r =.25 um . For this we hack
trajectory_problem
load ( ' absorbed_map_particle .25 u_beam2 .5 -30 u_1w_carbon . mat
' ,' beam ' , ' offsets ' ,' particle ' ,' intPowZ ') ;
load ( ' absorbed_map_transverse_particle .25 u_beam2 .5 -30
u_1w_carbon . mat ', ' intPowX ')
% load fits
axial = load ( ' predicition_axial_fit ') ;
transverse = load ( ' predicition_transverse_fit ') ;
% Remember to not double up 0
offsets = [ - flip ( offsets ) offsets (2: end ) ] * particle ;
[ offsets , beam ] = meshgrid ( offsets , beam ) ;
intPowZ = [ flip ( intPowZ ,2) intPowZ (: ,2: end ) ];
intPowX = [ flip ( intPowX ,2) intPowX (: ,2: end ) ];
% radius
particle_radius = particle ;
% Force mapping
% Axial was fitted as log10 ( force ) = a * log10 (
absorbed_power / totalpower ) + b
% In linear terms : force = 10^ b ( absorbedpower / totalpower
)^a
% For now , evaluated at atmospheric pressure
mapping . axial = @ ( absorbed ) 10.^ feval ( axial . fit , log10 (
absorbed ) , ' 1000 ') ;
force_axial = mapping . axial ( intPowZ ) ;
% Transverse was fitted as log10 ( stiffness / totalpower ) =
a * ( particle / beam size ) + b
% In linear terms : stiffness / totalpower = 10^( b + a *
particle / beamsize )
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% This maps ratio to stiffness / totalpower
mapping . transverse = @ ( ratio ) 10.^ feval ( transverse . fit ,
ratio , ' 1000 ') ;
% Get the stiffness for particle / beam
stiff = mapping . transverse ( particle ./ beam (: ,1) ) ;
stiff = repmat ( stiff , 1 , size ( intPowX ,2) ) ;
% Need to look at the radial profile of the beam . Highest
force should be at points of maximum slope
intensity = @ (r ,w , total_power ) (1/ pi ) * r .^2./ w .^4 .* exp
( - r .^2./ w .^2) * 2 * total_power / pi ;
% normalized
imap = intensity ( offsets , beam , 1) ;
% step size of display_offsets
h = diff ( offsets (1 , [1 2]) ,[] ,2) ;
% gradient of imap
gimap = gradient ( imap , h ) ;
% normalize
gimap = gimap / max ( gimap (1 ,:) ) ;
force_transverse =

gimap .* stiff .* abs ( offsets ) ;

problem . force . transverse = force_transverse ;
problem . force . axial = force_axial ;
problem . offsets = offsets ;
problem . beam = beam ;
problem . intensity = imap ;
problem . intpowx = intPowX ;
problem . intpowz = intPowZ ;
problem . eta = 1.9 e -5; % Pascal seconds
problem . particle_density = 1000; % kg / m ^3
problem . particle_radius = particle_radius ;
% need to turn the beam into real world z - coordinates .
z = @ (w , w0 , m2 , lambda , z0 ) sqrt ( abs (( w .^2 - w0 ^2) /( m2 *
lambda / pi / w0 ) ^2) ) + z0 ;
%
%

z = z ( beam *1 e6 , calibration . beam . fit . w0 , ...
calibration . beam . fit . m2 , ...
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%
%

532 e -9 , ...
calibration . beam . fit . z0 ) ;
% Perfect beam .
z = z ( beam , min ( beam (:) ) , 1 , 532 e -9 , 0) ;
problem . z = z ;
clear axial beam force_axial force_transverse gimap h
imap intensity
clear intPowX intPowZ mapping offsets particle
particle_radius stiff transverse z

% Run the sim
for i = 1: numel ( powers )
for j =1: numel ( xpos )
for k =1: numel ( speeds )
sol = trajectory_solve ( problem , [ xpos ( j ) 0 max (
problem . z (:) ) - eps - speeds ( k ) ] , powers ( i ) ) ;
if ( trajectory_trapped ( problem , sol ) )
% p ( i ) = plot ( sol . y (1 ,:) * 1 e6 , sol . y (3 ,:) * 1
e6 ) ; drawnow ;
parameter = [ parameter ; dataset ( problem .
particle_radius , powers ( i ) , xpos ( j ) ,
speeds ( k ) , 1) ];
else
parameter = [ parameter ; dataset ( problem .
particle_radius , powers ( i ) , xpos ( j ) ,
speeds ( k ) , 0) ];
end
end
end
disp ([ num2str ( i ) '/ ' num2str ( numel ( powers ) ) ])
save ( ' checkpoint . mat ')
end
% Again , now for the middle particle
% Do the same with r =.75 um . For this we hack
trajectory_problem
load ( ' absorbed_map_particle .75 u_beam2 .5 -30 u_1w_carbon . mat
' ,' beam ' , ' offsets ' ,' particle ' ,' intPowZ ') ;
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load ( ' absorbed_map_transverse_particle .75 u_beam2 .5 -30
u_1w_carbon . mat ', ' intPowX ')
% load fits
axial = load ( ' predicition_axial_fit ') ;
transverse = load ( ' predicition_transverse_fit ') ;
% Remember to not double up 0
offsets = [ - flip ( offsets ) offsets (2: end ) ] * particle ;
[ offsets , beam ] = meshgrid ( offsets , beam ) ;
intPowZ = [ flip ( intPowZ ,2) intPowZ (: ,2: end ) ];
intPowX = [ flip ( intPowX ,2) intPowX (: ,2: end ) ];
% radius
particle_radius = particle ;
% Force mapping
% Axial was fitted as log10 ( force ) = a * log10 (
absorbed_power / totalpower ) + b
% In linear terms : force = 10^ b ( absorbedpower / totalpower
)^a
% For now , evaluated at atmospheric pressure
mapping . axial = @ ( absorbed ) 10.^ feval ( axial . fit , log10 (
absorbed ) , ' 1000 ') ;
force_axial = mapping . axial ( intPowZ ) ;
% Transverse was fitted as log10 ( stiffness / totalpower ) =
a * ( particle / beam size ) + b
% In linear terms : stiffness / totalpower = 10^( b + a *
particle / beamsize )
% This maps ratio to stiffness / totalpower
mapping . transverse = @ ( ratio ) 10.^ feval ( transverse . fit ,
ratio , ' 1000 ') ;
% Get the stiffness for particle / beam
stiff = mapping . transverse ( particle ./ beam (: ,1) ) ;
stiff = repmat ( stiff , 1 , size ( intPowX ,2) ) ;
% Need to look at the radial profile of the beam . Highest
force should be at points of maximum slope
intensity = @ (r ,w , total_power ) (1/ pi ) * r .^2./ w .^4 .* exp
( - r .^2./ w .^2) * 2 * total_power / pi ;
% normalized
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imap = intensity ( offsets , beam , 1) ;
% step size of display_offsets
h = diff ( offsets (1 , [1 2]) ,[] ,2) ;
% gradient of imap
gimap = gradient ( imap , h ) ;
% normalize
gimap = gimap / max ( gimap (1 ,:) ) ;
force_transverse =

gimap .* stiff .* abs ( offsets ) ;

problem . force . transverse = force_transverse ;
problem . force . axial = force_axial ;
problem . offsets = offsets ;
problem . beam = beam ;
problem . intensity = imap ;
problem . intpowx = intPowX ;
problem . intpowz = intPowZ ;
problem . eta = 1.9 e -5; % Pascal seconds
problem . particle_density = 1000; % kg / m ^3
problem . particle_radius = particle_radius ;
% need to turn the beam into real world z - coordinates .
z = @ (w , w0 , m2 , lambda , z0 ) sqrt ( abs (( w .^2 - w0 ^2) /( m2 *
lambda / pi / w0 ) ^2) ) + z0 ;
%
%
%
%

z = z ( beam *1 e6 , calibration . beam . fit . w0 , ...
calibration . beam . fit . m2 , ...
532 e -9 , ...
calibration . beam . fit . z0 ) ;
% Perfect beam .
z = z ( beam , min ( beam (:) ) , 1 , 532 e -9 , 0) ;
problem . z = z ;
clear axial beam force_axial force_transverse gimap h
imap intensity
clear intPowX intPowZ mapping offsets particle
particle_radius stiff transverse z

% Run the sim
for i = 1: numel ( powers )
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for j =1: numel ( xpos )
for k =1: numel ( speeds )
sol = trajectory_solve ( problem , [ xpos ( j ) 0 max (
problem . z (:) ) - eps - speeds ( k ) ] , powers ( i ) ) ;
% p ( i ) = plot ( sol . y (1 ,:) * 1 e6 , sol . y (3 ,:) * 1 e6 ) ;
drawnow ;
parameter = [ parameter ; dataset ( problem .
particle_radius , powers ( i ) , xpos ( j ) , speeds ( k )
, trajectory_trapped ( problem , sol ) ) ];
end
end
disp ([ num2str ( i ) '/ ' num2str ( numel ( powers ) ) ])
save ( ' checkpoint . mat ')
end
%%
parameter . Properties . VarNames = { ' radius ' ,' power ' ,' xpos ', '
speed ', ' trapped ' };
save ( ' parameterspace ' ,' parameter ', ' powers ', ' radii ', ' speeds ', '
xpos ')
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