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1 Abstract

1 Abstract

Particle accelerators are used in a vast amount of fields in research and industry, ev-
erywhere where high energy particles are needed to probe materials, produce radiation
for experiments or treatment of patients or simply to test the current understanding
of Physics. They typically consist of a huge amount of different components, but most
prominently of RF-units to accelerate and dipole and quadrupole magnets to deflect and
focus the particles. Though, as conventional particle accelerators, which achieve high en-
ergies, are huge and costly to built and operate, a cheap and compact particle accelerator
option would be great to revolutionise several fields of research as it would grant access
to high energy particles for nearly any laboratory. [3] One idea to solve this problem
is the DLA (dielectric laser acceleration). This new type of accelerator design uses the
electromagnetic fields of modern lasers in clever combination of dielectric materials to
accelerate and focus the particles [4, 5, 6]. This master’s thesis focused on optimisation
of focusing structures for relativistic electrons in such dielectric laser accelerators within
the ACHIP experiment.

As accelerators not only need accelerating structures, but also focusing structures to
keep the beam well collimated, the idea of this thesis was to model a laser based focusing
structure, do electromagnetic simulations with it and use the discretised electromagnetic
fields [7] to simulate the particles propagating through the simulation volume to track
their path and deflection. The design of the focusing structure was proposed by Joshua
McNeur, a Postoctoral Researcher at the Chair of Laser Physics at the University of
Erlangen-Nuremberg who conducted research on a similar design [8]. The construction
of the design was done in Autodesk Inventor [9], a computer aided design application for
3D design. The electromagnetic simulations were performed with Lumerical FDTD So-
lutions [10], a finite difference time domain solver for electromagnetic problems using the
Maxwell’s equations, because sample files and some experience were already available.
The particle tracking code was written from scratch during this thesis in Matlab [11],
a numerical computing environment, using a discretised Lorentz force equation and the
Boris algorithm for time propagation [7].

The main work of this thesis was about setting up the electromagnetic simulations
and the particle tracker for ultra-relativistic electrons, as lower velocities would lead to
further difficulties in fabrication, to optimise said focusing structure to figure out the
most appropriate design, featuring the highest deflection, the best combined quadrupole
like deflection behaviour in both transversal directions as well as not too fragile setup
for fabrication. Apart from the computational work, some time was also invested in
fabrication possibilities and their limits, possible experiment setups to verify the com-
putational results and theoretical description of the deflection behaviour.

The results of this work include several points. The deflection at highest offsets from
the centre increased by up to a factor 60. The so called parallel effect, which shifts the
deflection curves independently of the offset depending on the laser phase the particle



1 Abstract

enters the structure at was strongly decreased. The behaviour of the structure at two
different wavelengths to investigate scaling possibilities of parameters was investigated.
Complications when using different refractive indices were described. A mathematical
model to figure out the crucial aspects of the electric and magnetic fields was created.
Also how deflection in one direction contributes to deflection in the other direction was
investigated. Finally first fabrication results and one possible experiment to verify the
simulated results were elaborated.

The work has been conducted at the Paul Scherrer Institute, Villigen Switzerland in the
Advanced Instrumentation group supervised by Dr. Rasmus ISCHEBECK and Dr. Eu-
genio Ferrari and lasted from July to end of November 2017.
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2 ACHIP experiment

The Accelerator on a Chip International Program (ACHIP) is an international collabora-
tion, funded by the Gordon and Betty Moore Foundation, whose goal is to demonstrate
that laser-driven accelerator on a chip can be integrated to fully build an accelerator
based on dielectric structures. According to the Accelerator on a Chip International
Program at Stanford [5] the collaboration

includes world-renowned experts in accelerator physics, laser physics, nanopho-
tonics and nanofabrication. The collaboration is led by principal investiga-
tors Prof. Robert Byer (Stanford University) and Prof. Peter Hommelhoff
(Friedrich Alexander University Erlangen). Three national laboratories —
SLAC National Accelerator Laboratory in Menlo Park, California; Deutsches
Elektronen-Synchrotron (DESY) in Germany; and Paul Scherrer Institute
(PSI) in Switzerland — will contribute expertise and make their facilities avail-
able for experiments. In addition to FAU Erlangen, five other universities
and one industry partner are involved in the effort: University of California
Los Angeles (UCLA), Purdue University, University of Hamburg, the Swiss
Federal Institute of Technology in Lausanne (EPFL), Technical University
of Darmstadt and Tech-X Corporation.

The idea of laser acceleration was first proposed half a century ago [12] and first demon-
strations of acceleration of particles within dielectric nano structures have been achieved
as recently as 2013. [13, 14] An example of a possible configuration for a shoebox-sized
particle accelerator prototype using dielectric laser accelerators is displayed by ACHIP
Stanford [1] in figure 1 and consists of a source, bunchers and first acceleration stages, the
additional acceleration stages using the laser driven acceleration and deflectors or undu-
lators as an example application for light generation. With acceleration gradients only
limited by the material’s damage thresholds exceeding 1GV/m this would lead to really
compact tabletop accelerators, which could revolutionise research with particle accelera-
tors as it would open access to high energy beams creation even for small laboratories. [3]

Though, as with conventional RF powered accelerators a dielectric laser accelerator does
not only consist of acceleration structures. Focusing elements will be needed to keep the
electron beam collimated. The idea is to not only use periodic structures for acceleration,
but also for focusing as they [15] are capable of providing focusing strengths orders of
magnitude higher than for conventional electromagnetic quadrupoles, which would not
be appropriate for an accelerator optimised for high current microbunches with signifi-
cant space charge defocussing. [3]. One of the designs used for focusing are the curved
pillars [8], which are the main subject of this thesis.

One of the key points to get an accelerator concept like this to work is precise fabrication

and control of the laser’s output. Fabrication of such focusing structures is achieved us-
ing the vast availability of micro and nano fabrication techniques by the semiconductor

10



2 ACHIP experiment

industry [8] or for higher laser damage thresholds dielectrics like fused silica [3]. The
typical wavelength used in the ACHIP experiments was chosen as 2um [3, 16].

The Paul Scherrer Institute (PSI) will contribute to this by providing the interna-
tional collaboration access to the high-brightness electron beams in SwissFEL, where
it is planned to do a proof-of-principle demonstration of the acceleration of a highly
relativistic beam. [16]

,7 ELECTRON SOURCE

LASER POWER DISTRIBUTION

BUNCHER —

FIRST ACCELERATION
STAGE

ADDITIONAL ACCELERATION STAGES

DEFLECTOR/UNDULATOR

Figure 1: one possible configuration for a shoebox-sized particle accelerator prototype.
Image produced by [1]
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3 Curved pillar model

The design of the focusing structure used in these simulations was proposed by Joshua
McNeur, a Postoctoral Researcher at the Chair of Laser Physics at the University of
Erlangen-Nuremberg [17, 18] who conducted research on a similar design [8]. This design
consists of three components, the two rows of pillars, the Bragg reflector and a substrate
where the pillars and the Bragg reflector are positioned, which in experiments will also
be used to mount the structure. A 3D model of the structure is displayed in figure 2.

Figure 2: 3D model of the curved pillar model used in the simulations

For later clarity the direction of the coordinate system’s axis has to be described. The
x-axis is in the direction the particles are propagating. The y-direction is in the direc-
tion the laser’s light is going. The z-direction is pointed upwards perpendicular to the
substrate the pillars and the Bragg reflector are positioned at.

Since the pillars are illuminated by a laser coming from the front side, the Bragg reflector
is positioned behind the pillars instead of pumping with the laser from the two sides of
the pillars. This suppresses a remaining unwanted transverse component in the electric
field between the two pillar’s rows. The properties of the Bragg reflector are chosen to
fit the incoming laser light to achieve the highest value of reflectivity [19]. Therefore,
the Bragg reflector’s dimension are only limited by the wavelength and are not part of
the optimisation process.

The two rows of pillars are characterised by a large number of parameters to be op-

timised. The structure’s parameters are the width of the pillars, the gap between the
two rows of pillars, the shift between the front row and back row of pillars (which can

12



3 Curved pillar model

be seen in figure 3) and the height of the pillars which is measured from the substrate
up to the highest point of the pillars. The initial value for the pillar shift is half of the
wavelength as the distance between two pillars in the same row is one wavelength. This
shift is referred to as a shift of Onm in this thesis and the result plots. There are two
parameters left, which are defined by the way the pillars are constructed. The pillars
consist of two ellipses. One is the outer and therefore bigger ellipse, whose semi major
axis is bound by the height of the pillars and its semi minor axis is bound by half of the
wavelength. The only two parameters to be optimised are the sizes of the semi major
and semi minor axis of the inner ellipse. The position of the inner ellipse compared to
the outer ellipse could be optimised too, but this would add asymmetry in z-direction,
which is to be avoided. In this case the difference between the semi major and minor
axis of the outer ellipse compared to the axes of the inner ellipse was chosen as two pa-
rameters. The difference between the two semi major axes is called curvature a. Using
the same naming convention the difference between the two semi minor axes is called
curvature b. A display on how the ellipses are changed by the two parameters each on
their own or both symmetrically at the same time can be seen in figure 4 - 6.

Figure 3: Parameter description top view of the curved pillars

All the parameters described were tested and optimised during this thesis.

3.1 Pillar head for improved symmetry

Since the results showed some asymmetries, as described in section 7 and most promi-
nently seen in figure 24, the effect of the pillar’s leg was tested. The results showed, that
removing the leg removes these asymmetries. Since the leg is needed for stability, a head
was added on top of the pillars with the same dimensions as the leg as seen in figure ?7.

13



3 Curved pillar model

Figure 4: Displaying the difference the  Figure 5: Displaying the difference the
curvature a parameter has on curvature b parameter has on
the structure the structure

Figure 6: Displaying the difference a sym-
metric change of parameters has
on the structure

Figure 7: Pillar head for improved symme-
try

This head had the same effects as removing the leg and therefore the asymmetries were
solved also increasing the stability of the pillars. The head was used in 3.3 um pillar

14



3 Curved pillar model

shift test in section 7.7 and in all 2 um tests except the pillar width and the pillar gap
test as these were done before the effect of the pillar head was found.

3.2 Different possible curved pillar models

The curved pillar model optimised in this thesis is just one possible proposal for a focus-
ing structure. Some thoughts were put into three further models. Two of these models
are variations of the optimised model and one is an idea taken from a paper by Kent
Wootton [2] and tweaked to fit the simulation setup.

The first variation of the optimised model is the full curved pillar model as seen in
figure 8. In this model the front pillars perfectly align with the back pillars. From the
laser’s point of view there is no free space between the laser and the Bragg reflector.
This model has less tweakable parameters as the pillars are constructed using two equal
ellipses. Therefore, apart from the standard parameters height, width and pillar gap the
only tweakable curvature parameter would be the semi minor axis of the two ellipses.
In the initial design the shift between the front and the back row of pillars was half of
the wavelength. Without simulations it is not clear if shifting this design would make a
change in the deflection results as from the laser’s point of view there is no free space
between the laser and the Bragg reflector.

Figure 8: 3D model of the full curved pillar model

The second variation of the optimised model is the inward curved pillar model as seen
in figure 9. In this model the front pillars perfectly align with the back pillars as with
the full curved pillar model. Again, from the laser’s point of view there is no free space
between the laser and the Bragg reflector. Except for the shift, which might also not

15



3 Curved pillar model

change the deflection results, the tweakable parameters are the same as in the optimised
model as the pillars are constructed using two ellipses.

Figure 9: 3D model of the inward curved pillar model

A third possibility, not explored in this thesis, is the checkerboard-like design [2] as seen
in figure 10.

16
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Figure 10: 3D model of the checkerboard structure [2]

17
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4 Autodesk Inventor

All the design and construction of the different models and especially the optimised
model was done in Autodesk Inventor [9]. Inventor was mainly used because it is the
standard construction tool at Paul Scherrer institute and therefore questions could eas-
ily be solved onsite. The only requirement is, that the program is able to export the
construction into an STL file type, which tesselates the 2D outer surface of the structure
using triangles [20]. The STL file type is needed to import the model into Lumerical as
seen in section 5.

The curved pillar model consists of three parts in Inventor. These parts are the Bragg
reflector, the front pillar and the back pillar. For 3D printing or fabrication there is also
a fourth part, the substrate, but for simulation purposes this was not included into the
STL files. To optimise the simulation speed only one period containing one front pillar,
one back pillar and a small part of the Bragg reflector was constructed. This unit cell
was exported into an STL file for simulation purposes as periodic boundary conditions
were used. For 3D printing or fabrication purposes this unit cell was multiplied to receive
the desired amount of pillars.

As the perfect position of the Bragg reflector was not known in the early beginning
of this work and changing the position of the reflector in Inventor, exporting it into an
STL file, importing it into Lumerical and redoing the electromagnetic simulations to find
out, if the new positioning is correct, takes far more time than to set up a Bragg reflector
in Lumerical and changing the parameters there, also the Bragg reflector typically was
not included into the STL files. For further tests or constitutive projects this could easily
be done as the perfect position of the Bragg reflector did not change anymore.

18
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5 Lumerical

Lumerical is a finite difference time domain solver for electromagnetic problems using the
Maxwell’s equations [10]. As seen in figure 11 the workspace consists of four windows.
Three of these windows show two dimensional projections of the model and the fourth
shows a three dimensional model. A full construction of the desired model can be created
using Lumerical’s tools, though in this case only the Bragg reflector was built within
Lumerical since the curved pillars were imported via an STL file from Autodesk Inventor.

PR e
=

HAE

i)

Figure 11: overview of Lumerical’s workspace

The typical setup consists of the curved pillars, the Bragg reflector, a laser source, the
FDTD simulation volume and a monitor to record the data.

The FDTD simulation volume defines parameters like its geometry, the background
refractive index, the simulation time, simulation temperature, mesh settings and bound-
ary conditions. For all simulations these parameters were a background refractive index
of n = 1, a simulation time of ¢ = 3000fs, a simulation temperature of T' = 300K, a
mesh size of 14 points per wavelength, periodic boundary conditions in x-direction and
perfectly matched layers in y and z-direction.

The source options defines properties like source shape, amplitude, injection axis, polar-
isation angle, geometry, wavelength and pulse options. For all simulations these param-
eters were a plane wave with an amplitude of one, injected in y-axis with a polarisation
angle of 90°. This means that before the laser hits the pillars it’s polarised in a way, that
the electric field in x-direction and magnetic field in z-direction are non zero. The laser
is positioned before the front pillar with a wavelength of either A = 2 ym or A = 3.3 um

19



5 Lumerical

and a pulse length of 30000 fs with a maximum at 2980 fs. This pulse length and max-
imum position was chosen to have a well irradiated simulation volume and a constant
laser source by the time the monitor starts recording the data.

The monitor defines parameters like the start and stop time of the recording, the ge-
ometry, which components of the fields are recorded and using a sample rate per cycle
together with the mesh size and a stability factor in the FDTD simulation setup to
calculate the number of snapshots during the start and stop time. The geometry was
placed between the two pillars with an y-dimension of the pillar gap, the x-dimension of
one wavelength and the z-dimension of the height. The start and stop time was set to
record for three full periods and therefore between 2970 fs and 2990 fs for a wavelength
of 2 ym and between 2960 fs and 2993 fs for a wavelength of 3.3 um. All components of
the electric and magnetic field were recorded and the sampling per cycle was tweaked
together with the stability factor to get 14 points per wavelength and therefore 43 points
for the whole recording time.

After the electromagnetic simulations are completed and recorded with the monitor,
results can be exported using the command matlabsave.

5.1 Mesh size determination

The size of the mesh grid defines the accuracy of the simulation since more points per
wavelength mean more continuous solving of the equations. To determine how many
points per wavelength are needed to achieve less than a desired amount of numerical
error a small test was created. The test consisted of a trapezoidal rule algorithm [21]
calculating the area under a sine wave. A sine wave was chosen because the changes in
the electric and magnetic field are described by a sine and cosine wave. This discretised
area is then compared to the analytical area under a sine wave and a relative error is
calculated. The relative error has been chosen to be 1%. As seen in figure 12 this is
achieved by using 14 points per wavelength. Although lumerical uses far more sophisti-
cated algorithms to solve the electromagnetic problem, which might hit the one percent
hurdle with less points per wavelength as their error is of a higher order than the trape-
zoidal rule’s order of one, this small test gave some good insight, that even in worst case
scenarios the numerical error should not be higher than one percent. Therefore, for all
the simulations time wise an amount of 14 points per wavelength was chosen. Spatially
the refractive index has to be considered in this as well. Since the wavelength is smaller
within the material, the amount of points per wavelength has to be multiplied by the
refractive index to have the same accuracy also within the material. Therefore, the full
simulation volume was simulated with about 20 points per wavelength to account for
the material’s refractive index.

20
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Figure 12: relative error of Trapezoidal rule discretising one period of a sine wave

5.2 Bragg reflector dimensions and positioning

The important property of the material to define the dimensions of the Bragg reflector
is its refractive index. As fused silica or glass was used as material, the refractive index
was n = 1.438 for the A = 2 um simulations and n = 1.411 for the A = 3.3 um simula-
tions using an interpolation of the values found in the Handbook of Optical Constants
of Solids [22].

The Bragg reflector [19] is composed of two alternating materials with different thick-
nesses of

A

= (1)
One material was fused silica and the other was vacuum, the gap between two walls
of fused silica was a quarter of the wavelength corresponding to ds = 500 nm for the
A = 2pum simulations and do = 825nm for the A = 3.3 ym simulations. The fused
silica walls therefore were further decreased by their refractive index corresponding to
dy = 347.7nm for the A = 2 ym simulations and d; = 584.7 nm for the A = 3.3 ym simu-
lations. As such accuracies in fabrication presently can not be achieved, d; = 348 nm for
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the A = 2 ym simulations and d; = 585 nm for the A = 3.3 um simulations were chosen
in Lumerical’s setup.

The positioning of the Bragg reflector was done plotting the z = 0 slice of the mag-
netic field in z-direction at the time point, where the peak to peak field strength in
the data acquisition volume inbetween the pillars was strongest. As seen in figure 13,
where the range in colour is close around zero field strength, the minimum oscillates in
y-direction slightly above and below the 2 um point as the x position increases. Though,
the average is exactly at 2 um. The magnetic field in z-direction was arbitrarily chosen
to align the Bragg reflector. The same can also be done plotting a range in colour close
to the maximum for the electric field in x-direction as seen in figure 14. The other two
directions of the two fields might be used as well, but since the laser is polarised in
x-direction for the electric field and in z-direction for the magnetic field, these directions
are preferred.

" Bragg alignment - H field z-direction

Figure 13: magnetic field strength in z-direction showing perfect alignment of the Bragg
reflector

5.3 Perfectly Matched Layers

Perfectly matched layers are artificial layers introduced in Lumerial’s simulations to
absorb every incoming wave by simulating a wave propagating into unbounded regions.
This is needed to achieve a simulation without any reflections [23]. In this model perfectly
matched layers are used at the upper and lower end of the model in y and z-direction
to mimic the laser beam outflowing and disappearing. Though, while the perfectly
matched layers in y-direction were positioned close before the incoming laser and some
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Bragg alignment - E field x-direction

Figure 14: electric field strength in x-direction showing perfect alignment of the Bragg
reflector

micrometers behind the Bragg reflector, in z-direction still some reflections were visible
in the simulation volume. To prevent this, the simulation volume in z-direction was
symmetrically extended fifteen fold to get rid of all the remaining reflections. For fur-
ther simulations also including the substrate it might be advisable to add the perfectly
matched layers below a small amount of substrate to reduce simulation time as the
perfectly matched layers have the same properties as the adjacent material.
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6 Particle tracking code

The particle tracking code was written in MATLAB [11] and uses the discretised electro-
magnetic field data from Lumerical to track a particle’s path while propagating through
the pillars. Solving the equations of motion is done by discretising the Lorentz force
equation and time integrating using the Boris algorithm [7]. After the particles have
passed the last pillar, their angle compared to their initial angle is calculated. Since all
deflection tests were done with an incident angle of 0° the deflection angle was compared
to the path the particle would propagate without the laser turned on. The deflection
angles are recorded and plotted as a function to the particles injection position.

6.1 data structure and interpolation

Lumerical’s exported MAT file consists of a structure that includes electromagnetic field
data and data grid points for spatial and time dimensions. The data is in the shape
of a three dimensional matrix. The amount of slices is equal to the amount of time
wise mesh points. Since three periods were sampled this typically amounted to 43 slices.
The amount of columns is equal to the amount of field directions recorded. In all cases
all three field directions were recorded, so there are three columns in the data. The
amount of rows is equal to the multiplication of the amount of mesh points in x, y and
z-direction. Therefore, the rows have to be reshaped to access them like a matrix.

Since the data is discretised and is only available at specific data grid points, but the
particles will spatially also hit positions between two data grid points, spatial interpola-
tion is needed. This is done by linear interpolating the field between the two data points.
If times steps smaller than the time wise data grid is used, also time wise interpolation
is needed. The procedure is the same as in the spatial case. Overall the field felt by the
particle on its path through the pillars is a linear interpolation of the adjacent spatial
data grid points and the time wise data grid points.

6.2 Lorentz force discretisation and Boris integration

To describe the interaction of the fields with the particles the Lorentz force has to be
discretised and an appropriate time integration has to be chosen to advance in time. In
this thesis the Boris method or Boris rotation was used [7].

The relativistic Lorentz force, as the simulations are done for ultra-relativistic electrons
with 0.9999c¢ is described by

1

Ly e)

where F is the force, v is the Lorentz factor, m is the electron’s mass, v is its velocity,
q is its electric charge, E is the electric field and B is the magnetic field. Discretising
the differential time step makes it necessary to average the velocity over two time steps.

ﬁz—(ymﬁ)zq(ﬁ%—ﬁxé) with
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6 Particle tracking code

With the definition of u = v the equation in its discretised form (n being the integration
step and At being the time step) is

1 1 1 1
un+§ —u" 2 q un+§ 2
— =— | E"+ ——— x B"|. 3

At m ( * 24m 3)

Note that in reference [7] the magnetic part of the equation is divided by the speed of
light ¢. This is due to the fact, that a different unit system is used. Since the electric
and magnetic fields are simulated in SI-units [24], the SI form of the Lorentz equation
is used. To separate the electric and magnetic forces completely [25] the velocities are
substituted by

ntl - qE™ At

2m
4
2m

which results in a Lorentz force equation without the electric field

ut

_u__ q +_ _ n
A7 = 2 (u U )XB . (5)

The B field rotation can be done using two

uo=u" +u xt
+ — / (6)
u"=u +u XS

qBAt 2t

with ¢ = 525 and s = e A geometric description of this rotation can be seen in
reference [ﬁ on pages 60 to 62. To advance in position the time has to be integrated

according to

n+3 2 ntd )
,Yn 5 C

A pseudocode of the whole algorithm can be seen at algorithm 1. It has to be noted, that
the first part of the the pseudocode is to make use of the periodic boundary conditions
of the simulations. Since the electromagnetic simulations only account for one pair of
pillars, if the particle reaches the end of the first pair, the field data from the beginning
of the first pair is used for further tracking. This is therefore similar to the behaviour of
when the time step exceeds one period.

6.3 offset test setup and perfect phase definition

Since the idea is to get focusing effects with this structure, a test to track the focusing
abilities had to be created. This was done by defining a path, where a particle, if it is

25



6 Particle tracking code

Algorithm 1 pseudocode of the particle tracking algorithm

1: procedure PARTICLETRACKING

2: loop:

3: if position y or z > ymax or zmax then return end of tracking

4 if particle position outside x boundary then

5 totalr = totalx + x

6 T =T —xmax

7: if total path in x > amount of pillars * xmax then return end of tracking
8 interpolate E and B field

9 calculate u™

10: calculate v~

11: calculate t and s
12: calculate v and ut
13: calculate "3

14: calculate 7”+%

15: calculate 23

16: goto loop.

17: oy = arctan vy /v,
18: o, = arctan v, /v,

following this path, is not deflected at all. Since the coordinate system center in Lumer-
ical has been chosen to have this path at both the centre in y and in z-direction meaning
symmetrically between the two rows of pillars and at half height of the pillars, this point
was called the centre point. If the particle is inserted at the centre point its deflection
should be minimal or ideally even zero. To test how the field acts on the particle, if the
particle is off centre, the offset test was created. It consists of tracking the deflection
angle in y-direction and in z-direction for different amounts of offsets from the centre.
The typical setup is, that for a y deflection test, the z-position is kept at the centre
and the y-position is changed and vice versa if a z deflection test is done. The typical
offset values are —0.625 ym to 0.625 ym in y-direction and —1.25 um to 1.25 um in z-
direction as in the initial design the height was twice as big as the pillar gap. Though,
in some later tests especially with 2 um wavelength the maximum offset was decreased
as the particles were two close to the pillars. Some small variations of this test were
done throughout this thesis and will be described in the following. Though, the initial
concept of tracking the deflection angle at different offsets stayed the same.

Important for the offset test is obtaining the perfect phase. The perfect phase in this
thesis is defined differently for tests in y-direction than it is for tests in z-direction. In
z-direction the perfect phase is defined as the phase, where the deflection is the highest.
Since the deflection curve is not perfectly linear the perfect phase point for smaller off-
sets might be different than for greater offsets. This was the case in the 2 ym tests with
smaller pillar gaps when the maximum offset was decreased and the perfect phases had
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to be re-obtained. Though, to have a fixed definition the perfect phase is defined as the
phase where the deflection for the greatest positive and negative offsets is the highest. In
y-direction, instead, the perfect phase is defined as the phase, where zero offset produces
zero deflection. This difference in definition is caused by the so called parallel effect and
will be further described in section 7, 8 and 10.

Also it has to be noted, that for each direction there are two phase points which could
be considered perfect. One phase point is, where the deflection curve shows focusing and
one where the curve shows defocusing behaviour. These two phase points are typically
half a period shifted, but especially in the y-direction this is not always the case. Also,
if the pillars produce a quadrupole like deflection the focusing phase point in z-direction
should align with the defocusing phase point in y-direction and vice versa effectively
only generating two perfect phase points instead of four.

6.4 incident field strength test

Since Lumerical typically does all its electromagnetic simulations with an amplitude of
1, the actual amplitude was added in the particle tracking code by multiplying the field
data by the desired strength. In the simplified model used in this thesis, where non
linear effects are neglected, the field amplitude of the electric and magnetic field is a
multiplication factor in the Lorentz equations. Therefore it does only change the mag-
nitude of the solutions of Maxwell’s equations, if a different starting amplitude of the
plain wave is chosen. Though, the amplitude of the fields is important for the particle
tracking, as a higher amplitude acts as a stronger force on the particle. A reasonable
field strength for the laser in possible experiments is 1 GV /m. [8] The deflection of the
particles is supposed to scale with the amplitude of the electric and magnetic field or
quadratic in power as |S| = egc?|E| - |H|. [26] Hence, the deflection behaviour should
scale by the same factor as the amplitudes.

Therefore, a test on the reliability of the code was the incident field strength test by
looking at the deflection angle for different offsets at different field strengths. The tested
incident strengths varied between 0.1 GV/m and 10 GV /m. The results are displayed in
figure 15 and 16 and show a clear expected linearity at all tested offsets. This proved,
that nothing was conceptionally wrong with the particle tracking code.

All further tests and simulations were conducted using a field strength of 1 GV /m, but
future these results are still valid, if in future experiments lasers with higher field strength
are used, as the deflection results in our approximation will scale linearly with the field
strength.
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7 Optimisation results 3.3um

The wavelength of choice for the ACHIP experiment’s laser is 2 um [5] [6]. Though, as
seen in section 14 fabrication of structures for such small wavelength is still a complex
process. Therefore, increasing the wavelength might be necessary until fabrication pro-
cesses are ready. According to research at Los Alamos National Laboratory (LANL) for
dielectric acceleration a wavelength of 3.3 um is considered the shortest periodicity of
the structure at which the Nanoscribe is capable of producing reproducible structures.
Therefore, as the refractive index for fused silica is about the same at 2 ym and 3.3 um
it was decided to do the simulations at the longer wavelength first. After all the simula-
tions for a wavelength of 3.3 pm have been conducted, information on how the deflection
results behave, if the refractive index stays approximately the same, but the wavelength
and structure size get decreased will be crucial.

One of the main tasks of this thesis was to optimise the parameters of the focusing
structure to receive the best deflection results. This was typically done by changing only
one parameter at the time while keeping the others fixed to the previously optimised
value. Different parameter dimensions were tested until a clear maximum was found or
until the design prevented a further change of the parameter.

It should be noted that the parameter tests are not presented in the most logical way,
but in the timeline they were tested. The initial dimensions of the parameters before the
first test was conducted were chosen arbitrarily to be fractions or multiples of the wave-
length. The dimensions were width W = 825 nm, gap G = 3.3 ym, height H = 6.6 pym,
curvature symmetric C' = 825 nm, shift S = Onm, without the pillar head and simulated
with 50 pairs of pillars.

As mentioned before, to each perfect phase point for a focusing field there is always
a second phase point to achieve a defocusing field. All the following tests were done for
both focusing and defocusing fields. To abstain from overloading this thesis with figures
only the plots for the focusing field will be shown. A list of all plots created during this
thesis is available on switchdrive [27]. The defocusing field plots are the same as the
focusing plots mirrored at the y-axis and do not add any further insight.

As in an experiment the particles will hit the structure as bunches, the perfect phase
will not be hit for all particles at the same time. Therefore, tests on how the deflection
behaves if the particle hits the structure too early or too late were also done. These
laser phase tests would add an even greater amount of figures to this thesis since they
would have to be done for each dimension change of each parameter. Since the results
of the laser phase tests do not drastically change with the parameter’s dimension, they
will once be presented in section 7.2 where the idea for them was explored and once at
the end of the optimisation process to show the overall change.
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7 Optimisation results 3.3um

7.1 pillar width test

The first test conducted was the pillar width test. In this case the tested values ranged
from W = 800nm up to W = 1300 nm. As displayed in figure 17 and 18 there is a con-
siderable difference in deflection at the greatest offsets. What can also be seen is that
the curves in the z-direction tests do not hit the centre point. This will be seen in the
z-direction plots of other parameters too and is caused by the asymmetry of the pillar leg.

In y-direction W = 1200 nm gives the strongest deflection. In z-direction the strongest
deflection is caused by the 1100 nm case. Since there was no clear better results for one
of those cases and since the deflection behaviour in y-direction due to the parallel effect
was unexplainable, the decision for W = 1100 nm was made.

The optimal width has been chosen to W = 1100 nm.
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Figure 17: 3.3 um pillar width test y-
direction
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Figure 18: 3.3 um pillar width test z-
direction

7.2 symmetric curvature test

The second test focuses on the pillar’s curvature and changed it symmetrically. The
testes values ranged from C' = 500 nm up to full pillars with C' = 1650 nm were tested.
Curvatures lower than C' = 500 nm would have been possible too, but the stability of the
pillars decreases with lower curvature values. As displayed in figure 19 and 20 only higher
curvature values were plotted as they generally show stronger deflections. Though, not
all the lower curvatures show less deflection than C' = 1100 nm case, which is the weakest
in this plots. Overall, there is another considerable difference in maximum deflection
peaking at C' = 1400 nm in both directions.

Since there was the concern that at higher curvatures means the results are less stable,
i.e. arrival time variations for a particle has more difference on the deflection behaviour,
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symmetric curvature test - focusing field
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test z-direction

laser phase tests were done for both directions. The results of the laser phase tests in
y-direction can be seen in figure 21, 22 and 23. The results for the z-direction test can

be seen in figure 24, 25 and 26.

It can be clearly seen that the behaviours in y and z-direction strongly differ from
each other. In z-direction there is mainly a change in slope. There is also a small shift
of the curves especially at smaller curvatures, but that is due to the leg adding more
asymmetry to the structure the smaller the curvature is. In y-direction the main differ-
ence between the curves is the so called parallel effect, which strongly shifts the curves
up for late arrival and down for anticipated arrival. Though, it can be clearly seen that
C = 1400nm has less relative shift compared to its higher deflection than the plots
with lower curvatures. Overall it is important to note that the results do not get less
stable with higher curvatures. These findings helps fabrication process a lot since higher

curvatures mean less overhang.
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The optimal symmetric curvature has been chosen to be C' = 1400 nm.

7.3 pillar gap test

The pillar gap test focuses on the gap between the front and the back pillars, which
is measured from the inner side of the front pillar to the inner side of the back pillar.
In this test fractions or slightly rounded fractions of the wavelength were tested. The
dimensions ranged from G = 1650nm up to G = 3725nm or from A/2 up to slightly
more than %/\ as displayed in figure 27 and 28. It can be seen that in both cases the
a gap of %)\ gives the best results. Also it has to be noted that G = 2200 nm was also
tested since with W = 1100 nm a centre to centre pillar gap of exactly one wavelength
is achieved. Though results show that this is not better than the 2475 nm case.
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Figure 27: 3.3 um pillar gap test y- Figure 28: 3.3 um pillar gap test z-
direction direction

One further aspect of the y-direction plot is the sudden spike for an offset of —0.625 um
for the smallest pillar gap of A/2. This is caused by the fact that the particle is already
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really close to the front pillar and the field does not seem to be linear up until this point.
These spikes were seen in a greater extend in the 2 um simulations as the offsets stayed
the same, but the pillar gaps got even smaller. The reason why there is only a spike
in negative offsets is probably explained by the fact that the deflection in y-direction
hardly ever is completely symmetric with positive and negative offsets. The deflection
is typically always stronger with negative offsets which might be explained by the fact
that some parts of the amplitude are lost at the Bragg reflector. The alignment takes
into account that the amplitudes of the laser and the Bragg reflector cancel each other
out. If some parts of the amplitude are lost at the Bragg reflector to be able to cancel
the laser at the alignment point, a different phase point of the Bragg’s light has to hit
the laser’s light. The slope of the field at this different phase point is probably slightly
smaller causing overall slightly weaker field amplitudes with positive offsets compared
to negative ones.

The optimal pillar gap has been chosen to G = 2475 nm.

7.4 pillar height test

The pillar height test focuses on the height of the pillars, which is measured from the
substrate up to the highest point of the pillars. Once again fractions of the wavelengths
were tested ranging from A up to %)\ as displayed in figure 29 and 30. Since H = 6600 nm
and H = 7425 nm resulted in pretty much an equal deflection, also H = 7000 nm and
therefore slightly less than %7)\ was tested. As expected from the first results, the overall
deflection at H = 7000 nm was the highest.
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Figure 29: 3.3 um pillar height test y-  Figure 30: 3.3 um pillar height test z-
direction direction

As this test only consisted of changing the height and letting the curvature a and cur-

vature b dimensions the same, the semi major axis of both ellipses gets stretched and
therefore the curvature of the inner ellipse does not stay the same. One test that was
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done was to stretch the curvature value according to the change in height. For exam-
ple the dimension was stretched from A = 1400nm to A = 1500nm as the height was
stretched from H = 6600nm to H = 7000nm. Of course, a correct stretch would have
been to stretch only the curvature a value to 1500 nm, but even this stretch in symmet-
ric curvature already resulted in a higher deflection. Though, due to time constraints
this was not further tested. At least it gives a little insight that the parameters are
intertwined. To get the full extend of the structure it would be necessary also test such
subtle changes. Another obvious examples of intertwined parameters could be the pillar
width and the pillar gap as they both change in y-direction as height and curvature a
both change in z-direction.

The optimal pillar height has been chosen to be H = 7000nm. Though, for compa-
rability the parameters for the next tests remained the same as chosen after the pillar
gap test.

7.5 curvature b test

The curvature b test focuses on the difference between the semi minor axes of the outer
and inner ellipse. Since curvature a and curvature b were equally changed in the sym-
metric curvature test, a curvature a dimension of 1400 nm was chosen to make the tests
comparable. The curvature b dimension ranged from thin 600 nm up to a full pillar of
1650 nm, where B = 1400 nm displays the same curve as the symmetric curvature one
and is therefore the benchmark. The results are displayed in figure 31 and 32 and do
not suggest a clear best case. While in z-direction a full pillar gives the best deflection,
the best case in y-direction is between 1500 nm and 1600 nm.
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Figure 31: 3.3 um curvature b test y- Figure 32: 3.3 um curvature b test z-
direction direction

The impact of a wrong laser phase was tested with every parameter, but most of the

time the laser phase results did not change the decision on the best case. Though, for
the curvature b dimension the laser phase test was the decisive factor. In z-direction the
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laser phase results look as always. There is a symmetric decrease in slope the further
the particle is from the perfect phase. Though, in y-direction apart from the parallel
effect, the slopes changed drastically for the B = 1600 nm and B = 1650 nm case. This
lead to nearly flat curves without any deflection regardless of the offset for the —1fs
case. Assuming that the change in slope would get stronger if optimisations continued
with these cases, it was decided to continue optimisation with the B = 1500 nm case as
it combines good deflection results with well behaved laser phase curves.

The optimal curvature b value has been chosen to be B = 1500 nm.

7.6 curvature a test

The curvature b test focuses on the difference between the semi major axes of the outer
and inner ellipse. Even though the curvature b test showed better results for slightly
higher curvatures values, B = 1400 nm was chosen to make also this test comparable to
the symmetric curvature test. The tested dimensions ranged from A = 800nm up to
a close to full pillar of A = 3200nm, where A = 1400 nm is the same case as the the
optimised symmetric curvature and therefore the benchmark. Note that the curvature
a parameter has twice the range as the curvature b or in the symmetric curvature case,
which is limited by the b parameter. The results are displayed in figure 31 and 32 and
show a clear best case for A = 2400 nm. To have more accuracy A = 2600 nm was also
tested, but showed results between A = 2400nm and the A = 2800nm case. Overall,
especially in the z-direction test the deflections from A = 2000nm up to A = 3200 nm
lead to very similar results.
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Figure 33: 3.3 um curvature a test y- Figure 34: 3.3 um curvature a test z-
direction direction

The optimal curvature a dimension has been chosen to be A = 2400 nm.
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7.7 pillar shift test

In the pillar shift test the impact of the relative position between each pillar on the
deflection performance is investigated. The initial case was a shift between the one front
and one back pillar of half a wavelength. This results in the pillars perfectly aligned to
each other as for example seen in figure ??7. A setup like this is called a shift of 0nm.
A full shift of half a wavelength means that the back pillar is completely hidden by the
front pillar, which is called a shift of 1650 nm. This is the only test for a wavelength
of 3.3 pm that was conducted with the pillar head present. Tested dimensions ranged
from S = Onm up to S = 1600nm were tested and are displayed in figure 35 and 36.
As especially seen in the z-direction test, S = 1400nm and S = 1600 nm show pretty
much the same deflection, so § = 1500 nm was tested too, which resulted in even slightly
higher deflection.
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Figure 35: 3.3 um pillar shift test y- Figure 36: 3.3 um pillar shift test z-
direction direction

One remarkable result of this test was that not only the deflection increased drastically,
but also the parallel effect shrank considerably. The change in slope for early or late
particles increases once again, but not as severe as in section 7.5 and is easily overlooked
by the strong shrinkage of the parallel effect.

The final dimensions taking into account all results are W = 1100nm, G = 2.475 pm,
H =7pm, A=2400nm, B = 1500nm, S = 1500 nm using 50 pairs of pillars.
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8 Optimisation results 2um

The aim of this section is to present the results obtained for a wavelength of 2 ym. Once
again the tests are not presented in the most logical order, but in the order they were
conducted, which is slightly different than in section 7 since some insight on the structure
was already available. The initial dimensions were W = 500nm, G = 2 um, H = 4 pym,
C = 500nm, S = 0nm, without the pillar head and simulated with 50 pairs of pillars.
It has to be noted that even though the amount of pillars is the same, there is still a
difference in the deflection strength, as 50 pairs of pillars with a period of 2 um mean a
propagation distance of 100 ym, while in section 7 the propagation distance was 165 pym
due to the 3.3 um period. So, while not always perfect, the deflection results will be
smaller by about a factor of 1.65.

8.1 pillar width test

Not only was the pillar width test with a wavelength of 2 ym the first test for 2 um,
but the first test in general since until that time it was not known how complex the
fabrication will be. The dimensions ranged from 400 nm up to 800nm, which, due to
the smaller wavelength, is an even broader range than for the 3.3 pm equivalent test
in section 7.1. The results are displayed in figure 37 and 38. The strongest deflection
results are shown for about 600 nm.
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Figure 37: 2um pillar width test y-  Figure 38: 2pum pillar width test z-
direction direction

From the 3.3 yum test in section 7.1 with an optimised width of W = 1100 nm one would
expect the highest deflection at about W = 666 nm, which is pretty close to these re-
sults. A difference to the 3.3 um test is that the overall deflection in the 2 yum results is
higher and are far less symmetric for positive and negative offsets. All of this might be
explained by the lower propagation space as the results in section 11 show that a higher
amount of pillars makes the results more uniform.
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The optimal width has been chosen to be W = 600 nm.

8.2 pillar gap test

The pillar gap test was conducted while the 3.3 um tests were still going on to try to
get more insight on why 2475 nm shows the best results in the 3.3 um pillar gap test
in section 7.3. Therefore, the head is still not present in this test. Though due to the
fact that the symmetric curvature test for 3.3 um had already been conducted, a jump
in parameters happened in this test. In the previous test the symmetric curvature was
C = 500 nm while in this test the best symmetric curvature for a wavelength of 3.3 ym
was downscaled. Therefore, in this test C' = 850 nm. G ranged from 1250 nm or %)\ up
to 3000 nm or %)\ and is displayed in figure 39 and 40. Notice that the maximum offset
has been decreased starting from this test as the spikes present at larger offsets became
prominent in pretty much each curve as the pillar gap dropped below one wavelength.
The maximum offsets were now —0.5 um up to 0.5 pum in y-direction and —1 ym up to
1 pm in z-direction. The decrease in z-direction would not have been necessary as the
pillar gap does not influence the z-direction, but for comparison to the 3.3 ym results in
section 7 they were decreased accordingly.
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Figure 39: 2 um pillar gap test y-direction  Figure 40: 2 um pillar gap test z-direction

The highest deflection is shown for a G = 1750 nm, but especially in z-direction 1500 nm
shows the same deflection. A quick test with G = 1625nm was also done, because
G = 1500nm and G = 1750nm are so close in z-direction. A gap of 1750 nm re-
mains the best case. From the 3.3 um equivalent test in section 7.3 one would expect
G = 1500 nm to be the best case. This indicates that it is not possible to scale perfectly
with wavelength, but as G = 2200 nm in figure 28 gives pretty much the same results as
G = 2475nm one could expect a midpoint between G = 2475nm and G = 2900 nm
of about G = 2675nm to also give similar deflection results as G = 2475nm and
G = 2900nm. In this hypothesis the scaling would work correctly. Overall, the scaling
seems to work out pretty well. Though, some more extended tests would have to be
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performed to get the full information about the structure’s pillar gap behaviour.
The optimal pillar gap has been chosen to be G = 1.75 ym.

8.3 symmetric curvature test

Starting from this test all other 2 um tests have been conducted after all but the pillar
shift test for 3.3 um had been finished. Therefore, the pillar head, see figure 7, is present
in all the following tests. The tested dimensions range from 500 nm up to a full pillar
of 1000 nm. The results are displayed in figure 41 and 42. As the symmetric curvature
in the previous test was already 850 nm, the increase in deflection is negligible as the
highest deflection is given for a symmetric curvature of 900 nm.
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Since the curvature is limited and dominated by B, which had the highest deflection at
1500 nm at 3.3 pm the best curvature was expected to be 900 nm for a wavelength of
2 pm.

8.4 curvature b test

In this test, ca was kept at 900 nm and cb ranged from 500 nm up to 1000 nm. The results
are displayed in figure 43 and 44. The highest deflection is observed for ¢b = 900 nm,
which scales perfectly with the results of the 3.3 um test in section 7.5. The results
look extremely similar to the symmetric curvature results. The deflection seems to be
dominated by cb even more than in the 3.3 um case.

The optimal curvature b dimension has been chosen to be ¢b = 900 nm.

8.5 curvature a test

In this test, B was kept at 900 nm and the A ranged from 600nm up to nearly a full
pillar of 1800 nm. The results are displayed in figure 45 and 46. It can be clearly seen
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why the curvature b results did not differ much from the symmetric curvature ones as
there is hardly any change with ca. This was also the case for a big range in the equiv-
alent 3.3 um curvature a test in section 7.6. Therefore, the best value for A cannot be
decided as the curves are too close in z-direction and in y-direction the deflection slightly

increases with lower curvatures.

Overall scaling works pretty fine also with this test, even though there is a little mis-
match in the curvature a results, which is not that severe as the deflections do not change
drastically. Also the observation could be different if in the 3.3 ym curvature a test (in
section 7.6) B = 1500 nm would have been chosen instead of B = 1400 nm.
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As no best case was chosen, the results from the symmetric curvature test were reused
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for the further tests.

8.6 pillar height test

H ranged from 3500 nm up to 4500 nm and was therefore not as broad as in the equiv-
alent 3.3 um pillar height test in section 7.4. The expectation was to find the highest
deflection at about 1@7)\ or about 4250 nm. The results are displayed in figure 47 and 48.
Especially in z-direction the highest deflection was found for the expected value H, while
in y-direction the deflection for the 4000 nm and 4250 nm are about the same. Scaling
wise this is one of the best tests. An explanation why a pillar height of slightly higher
than two times the wavelength gives the best results is still not known.

Even thought slightly higher pillars result in better deflection, the dimensions for the
further tests were kept unchanged.
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Figure 47: 2 um pillar height test y-  Figure 48: 2 pum pillar height test 2z-
direction direction

8.7 pillar shift test

The values ranged from S = Onm to a nearly full shift of § = 1000nm. As seen in
figure 49 and 50, not all shifts are displayed to make the figures less cramped. The best
result is achieved forS = 700nm. This is the worst scaling so far as a shift between
850 nm and 1000 nm was expected from the results of the 3.3 um tests in section 7.7. A
clear reason why the scaling does not work perfectly in this case could not be found.
The general behaviour is the same as there is a slight decrease in deflection at about
one third of the maximum shift. In the 3.3 um pillar shift test there is another slight
decrease in deflection at about two thirds of the maximum shift. In the 2 ym case the
overall maximum is instead observed there.

Also in this test not only did the maximum deflection increase, but also the parallel
effect strongly decrease. The magnitude of the parallel effect is about the same as in the
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3.3 um case and the change in slope even more symmetric.

The final dimensions taking into account all results are width W = 600 nm, gap G =
1.75 pm, height H = 4.25 pm, curvature symmetric C' = 900 nm, shift S = 700 nm, with
the pillar head and were simulated using 50 pairs of pillars.
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O refractive index

The ACHIP experiment [5, 6] is not focused on one specific material. Therefore, it is
necessary to test different materials to find the one with the best behaviour. So, apart
from knowing how to scale the dimensions of the parameter, if the wavelength is changed,
it is also crucial to know the behaviour of the structure, if the refractive index is changed.

To test the impact of a change in the refractive index, it has been varied as a pa-
rameter. The tested indices were the n = 1.6, n = 1.8 and n = 2. The results were
compared to the curves of the actual refractive index. Once again this was done both
using a wavelength of 3.3 yum and 2 um. Also, there are two ways to evaluate the re-
fractive index. The first test is to keep all parameter dimensions unchanged and just
change the refractive index and the second way is to decrease the width of the material
according to the refractive index to keep the same phase shift within the material. In
both cases the meshing accuracy has been increased to account for the lower wavelength
within the material to keep the same overall accuracy.

9.1 refractive index test 3.3um

The refractive index tests for a wavelength of 3.3 um were one of the first tests con-
ducted and therefore used the dimensions of the pillar width test with W = 1100 nm,
G =33pum, H = 6.6pum, C = 825nm, S = 0nm, without the pillar head and were
simulated using 50 pairs of pillars.

The results for the tests which kept every parameter dimension the same are displayed
in figure 51 and 52.
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Figure 51: 3.3 um refractive index test y-  Figure 52: 3.3 um refractive index test z-
direction direction

The parallel effect in z-direction is caused by the leg and is strongly increased due to
the higher refractive index. This makes sense as there is a stronger asymmetry between
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the upper and the lower part of the structure. The behaviour of the deflection changes
significantly in z-direction. In y-direction higher refractive indices show far worse results.

In the second test the width of the pillars was adapted to have the same phase shift
in the material. The width for different refractive indices were calculated like

ng
d:di
0 (8)

where d0 = 1100 nm, n0 = 1.43 and rounded. The calculated width for n = 1.6, n = 1.8
and n = 2 were d = 969nm, d = 861nm and d = 775nm. Therefore W = 1000nm,
W = 900nm and W = 800nm were used. The results for these tests are displayed in
figure 53 and 54.
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Figure 53: 3.3 pum refractive index test y-  Figure 54: 3.3 um refractive index test z-
direction with scaled width direction scaled width

The parallel effect in z-direction is minimised and actually shows quite good results.
In y-direction, instead, the results are even worse. While they hardly change for a
refractive index of n = 1.6, higher indices show neither focusing nor defocusing results.
This means that the whole optimisation for a wavelength of 3.3 ym should be repeated,
if the wavelength changes.

9.2 refractive index test 2um

The refractive index tests for a wavelength of 2 um were performed after all parame-
ters but the pillar shift were tested. Therefore the dimensions of the parameters were
W = 600nm, G = 1.75um, H = 4000um, C = 900nm, S = Onm, with the pillar head
and were simulated using 50 pairs of pillars.

The results for the tests which kept every parameter dimension the same are displayed
in figure 55 and 56 and show a similar picture as the 3.3 pm results. While the results in
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z-direction look quite good even though the slope changes drastically with refractive in-
dices, the results in y-direction are extremely asymmetric and show no linear dependency

at all.
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Figure 55: 2 ym refractive index test
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Figure 56: 2 ym refractive index test z-

direction

For the scaled width test, the calculated width for n = 1.6, n = 1.8 and n = 2 were
d = 536nm, d = 476nm and d = 429nm. Here no structures with corresponding similar
width were available. Therefore, W = 540nm, W = 480nm and W = 430nm were
designed and simulated. The results for these tests are displayed in figure 57 and 58
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Figure 57: 2 ym refractive index test
direction with scaled width

and again show similar results to the 3.3 pm

ferent from the initial n = 1.43 simulation.

Overall these results for both wavelengths are not promising at all.
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results in z-direction, but are severely dif-

The 3.3 um re-
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sults with an extra pillar head should give scalable curves at least in z-direction. In
y-direction the pillar widths does not seem to be the only crucial parameter. The fact
that the results generally look worse in the 2 ym simulations might be better under-
stood if one observes that the pillars are nearly full. Therefore, a higher refractive index
changes the phase of the laser for the whole illumination area. In the 3.3 ym case the
curvature dimension was exactly half the of the wavelength. So, half of the illumination
area let the laser’s light pass without changing its phase.

Future simulations should focus on the parameter dimension’s changes in case the ma-
terial is changed. As especially the plots in y-direction are affected by the change in
refractive index, the pillar gap might be crucial as it is the only other parameter along
the y-direction. As mentioned before, also the curvatures might be important as bigger
parts of the recording volume are affected by the changes. If none of the parameters
seems to solve the issues, a sensitivity study on the refractive index should be considered.
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10 mathematical description of the deflection

To have a better understanding of the deflection behaviour of the structure, some time
was invested trying to set up a mathematical model replicating the deflection strength
and the effects seen in the simulation results, namely the parallel effect and the change
in slope. Of course not all curves will be described perfectly and this is not a substitute
for simulations as getting the field data used to describe the effects need the simulation
results. Therefore, this description is a mathematical model of the particle tracking to
gains some information on which parts of the fields have to be optimised to get the
desired results.

The particle’s behaviour in the simulation volume is described by the Lorentz force,
which consists of three equations

F,=—ey: (Ey +vyB, —v.By)
Fy=—ey- (Ey —vyB, +v.By) (9)
F, = —ey - (E; + vyBy — vyBy)

for the three spatial components. Hitting the perfect phase, the particle is deflected as
seen in the offset test plots. To describe the behaviour in y or z-direction if a particle
reaches the pillars too early or to late, only the latter two seem to be important for
the deflection, but the effect the force in x-direction has on the velocity of the particle
should not be ignored, in particular for slower particles. Though, as not all components
of the electric and magnetic field have the same intensity and depend on the particular
direction of the offset, this description will be split up into two parts, one for each of the
offset directions.

This mathematical description will focus on recreating the deflection behaviour displayed
in section 8.3 for a symmetric curvature of 900 nm as this case combines high deflection
results with really well situated perfect phase points in y and z-direction. This approach
is completely general if the appropriate electric and magnetic field is used.

10.1 deflection behaviour with offset in z-direction

First it is important to look at the fields the particle interacts with on its way through the
pillars. Figure 59 displays the average fields the particle experience at different offsets
and time differences from the perfect phase. A perfect phase was once again the phase
with the highest deflection. In this case none of the field components is considerably
smaller than the others. Therefore, none of the field components should be discarded.
As these simulations were performed for ultra-relativistic particles and considering that
the highest deflection seen in the simulations are lower than 1 mrad, the terms in the
equations, where a velocity in y or one in z-direction couples to one component of the
magnetic field, can therefore be discarded.

In this approximation equation 9 becomes
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Figure 59: mean fields at perfect phase for focusing z-direction

Fy = —eq- (E:v)

Fy=—eo- (Ey —v.B,) (10)

F, = —ey- (B, +v:By).
In Simulations it was observed that switching off the electric field in x-direction has no
effects on neither the deflection results nor the mean fields of the other components. FE,
hardly changes v,. Therefore, the term v, B, can be discarded in the second equation. Of

course, ignoring field components is not physical as Maxwell’s equations are not satisfied
anymore. Though, as their impact is small, the terms can be put to zero.

10.1.1 effects of the force in z-direction

As the change in slope in the z-deflection plots is the least complicated effect, it was
decided to start with it. As seen in figure 59 the electric field in z-direction and the
magnetic field in y-direction show the same behaviour. The phase dependence of the
two curves can be described by an offset dependent amplitude and a cosine

E, = Ea - cos(®)

By, = B - cos(®). (1)

where EA and Ba are the amplitudes of the curves seen in figure 59 at zero offset. The
offset dependence of the two curves is opposite. While the amplitude of the magnetic
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field in y-direction increases for positive offsets, it decreases for the electric field in z-
direction. As the amplitude at zero offset is negligible compared to the amplitudes with
offsets, the offset dependence of the amplitude can be described linearly by its offset
with different signs for the electric and magnetic field

EA - _Azz -A

(12)
BA = +M,, - A.

where A,, and M,, are the slopes of the amplitude change seen in figure 59 and A is
the offset. The Lorentz force in z-direction can be rewritten as

F, = —egA - (—A,; - cos(P) + v, M., - cos(P)) (13)

where A,, is the change in amplitude with offset for the electric field and M,, is the
change in amplitude with offset for the magnetic field. The equation can be further
simplified by expanding the cosine according to Taylor for small angles.

cos(®) = (1 - (I;Q + 0(@4)> (14)

stopping at the quadratic term. According to the equation positive and negative changes
in the phase decrease the electric field strength equally. Though, this behaviour is not
always perfectly seen in the results. One effect that is easily overlooked, but equally
important, is the shift at times different of 0fs. If those shifts are equal, the assumption
of expanding the curves at 0° is still correct as it just changes the maximum value, but
the slope of the description will be the same for both curves. In the simulation results,
the shift is not the same. It is hardly visible, but the maximum of the electric field in
z-direction is shifted slightly more positive than for the magnetic field in y-direction.
The actual angles to be inserted into the equation therefore have to be subtracted by
the shifts.

Inserting the values for the change in amplitude A,, = 1.64 x 10" V/m? and M,, =
0.63 x 109 Vs/m3 and the phase shifts ®g,, = 0.47rad and ®p,, = 0.377rad fitted from
figure 59 into the equation

F, ~ —egA - (-Azz : (1 - W) + v M, - (1 - W)) (15)

and plotting the angle using

T F.T
Ayy = ,U—Z = az = d (16)
Vg Vg YMoUyg

where 7' = 3.33 x 107 ms™! is the time it takes the particle to propagate through
50 pairs of pillars with a wavelength of 2 um, v ~ 70.71 is the Lorentz factor and
mo = 9.1 x 10731 kg is the mass of the electron results in the curves displayed in figure 60.
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Figure 60: deflection with z-offset in z-  Figure 61: 2 ym symmetric curvature laser
direction with shift phase test z-direction

For comparison figure 61 shows the laser phase test in z-direction for a symmetric cur-
vature dimension of 900 nm. An angle of

1rad = 57.3° = 1.06 fs (17)

using a wavelength of 2 um and therefore 6.66 fs is therefore similar to the laser phase
test’s delays. Of course the description is not perfect and could be improved, for example
by defining a phase shift which varies with offset or even phase. Also the linear offset
dependence is an assumption and could be improved. Overall the deflection results are
well reproduced and especially the positive phase differences show pretty similar slope
changes.

For the mathematical description a possible optimisation of the structure has to deal
with obtaining the same phase shift for the electric and magnetic fields.

10.1.2 effects of the force in y-direction

As it can be seen in figure 59 the electric field in y-direction and the magnetic field in
z-direction both are not negligible, so the effects of a z-offset on deflection in y-direction
can be studied. The effects were observed before, but as they generally were small com-
pared to the overall deflection, they were not studied that thoroughly until the end of
the optimisation process.

Once again the curves can be described by a cosine. Though this time the behaviour
with offset is different. First the change in amplitude is symmetric in offsets. The am-
plitude decreases symmetrically as the offset increases. The amplitude rate is different
from before. So in this case there is an offset dependence in the amplitude change. This
change is not linear and can be described as
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A 2
EA = EzyO +Azy : |A’
0
AP (18)
BA - BZyO + sz . T
0

where .0 and B, are the amplitudes, A,, and M., are the slopes of the amplitude
change and Ag = 250nm. Ay was chosen to fit the offset’s step size in figure 59. There-
fore, at for example an offset of 1000 nm the slope of the amplitude change is 4 times as
strong. The change in amplitude are therefore calculated using the difference between
the curve for zero offset and the one with 250 nm offset.

Again inserting the values for the amplitudes F.,0 = —4.97 x 10 Vm~! and B,y =

—1.674 Vs/m?, the change in amplitude A4,, = 2 x 1013 V/m? and M., = 8 x 10* Vs/m?
and the phase shifts ®g,, = 0.118rad and ®p., = 0.047rad taken from figure 59 into

the equation
A2 (2 + Ppzy)’
E, Ay — | |1 — ————
< 20 + y A() 9

AP d+ dp,,)°
<Bzy0+sz’u)> : (1_H2'91D>]vx

and plotting the angle calculated using the force in y-direction results in the curves
displayed in figure 65.
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Figure 63: 2 um symmetric curvature z-
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test

Figure 62: deflection with z-offset in y-
direction with shift

For comparison figure 63 shows the laser phase test of the y-deflection with an offset in
z-direction for a symmetric curvature dimension of 900 nm. It can be clearly seen that
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10 mathematical description of the deflection

the mathematical model is not able to fully describe the behaviour at especially high
offsets and high phase changes. The differences concerning the offset might be described
by the fact that the change amplitude does not linearly increase with offset. Using the
mathematical model would result in A4,, = 8 x 1013 V/m? for an offset of 1000 nm, while
looking at the data the actual change in amplitude is closer to A., = 7 x 1013V /m?2.
Depending the phase dependency there also is a difference in the shifts of the maxima
with changing offsets, which also was not accounted for in this mathematical model.

Especially the perfect phase at zero offset is really similar to the simulation results,
but also the general behaviour of the curves with zero offset is close to the simulation
results. Further simulations will have to try to find a setup, where the shifts in maxima
are the same to minimise the parallel effect. Keeping the shift in maxima as constant as
possible with changing offsets will decrease the change in curvature at higher offsets.

10.2 deflection behaviour with offset in y-direction

The same ideas can be applied for offsets in y-direction. The mean fields are displayed
in figure 64 and are differently than the ones for offsets in z-direction.
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Figure 64: mean fields at perfect phase for focusing y-direction

In this case the electric field in z-direction and the magnetic field in y-direction are
smaller by more than a factor 1000. Therefore, the force in z-direction at offsets in
y-direction is negligible and can therefore be discarded. The description of the force in
y-direction is similar to section 10.1. Both the amplitude of the electric and the magnetic
field are described by a cosine with linear dependence on the offset
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o= Bypo t Ayy - 2 (20)
Ba = Byyo+ My, - A.

where the parameters are defined as in section 10.1.2. Inserting the values for the
amplitudes E,,0 = 4.97 x 108Vm™! and Byyo = 1.678 Vs/m?, the change in am-
plitude A,, = 4.83 x 101V/m? and M,, = 1.5x 10°Vs/m3 and the phase shifts
Py, = 0.118rad and ®p,, = 0.2rad taken from figure 64 into the equation

(‘I) - <I>Eyy)Z)]
2

(‘I) - (I)Byy)2>] v
2 x

and plotting the angle calculated using the force in y-direction results in the curves
displayed in figure 65.
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Figure 66: 2 ym symmetric curvature z-
offset y-deflection laser phase
test

Figure 65: deflection with z-offset in y-
direction with shift

For comparison the figure 66 shows the laser phase test in y-direction for a symmetric
curvature dimension of 900 nm.

The most important insight of this curve is that the parallel effect is produced only
by the difference of the shift in maxima of the electric and magnetic field. If the shifts
are the same the parallel effect disappears. This is an interesting insight as first mathe-
matical models did not account for the shift in amplitudes and therefore were not able to
describe the desired effect. Overall the deflection results are similar and also the change
in slope is described pretty well. Note that figure 66 plots a twice as high range in phase.
The change in slope at higher offsets might be caused by the change in shift of maxima
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at higher offsets, which was not accounted in the model. Further simulations will have
to focus on finding a setup, where the shift in maxima is either the same or non existent.
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11 Effect of the amount of pairs of pillars

11 Effect of the amount of pairs of pillars

All the previously presented tests were performed using 50 pairs of pillars. This is just
an arbitrary amount since when doing experiments, the amount of pairs of pillars will
be decided taking several factors into account like the typical offset of the particles, the
focal length of the structure, the velocity and especially velocity gain, which leads to
the dephasing length within the structure and also the fabrication possibilities. This
section will focus on the deflection behaviour at different amounts of pairs of pillars and
use the data for a wavelength of 2 pm and a 900 nm symmetric curvature as in section 8.3.

Typically one would expect the deflection to scale linearly with the amount of pairs
of pillars. As displayed in figure 67 and 68 a pretty linear increase in deflection can be
observed.
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Figure 67: 2 um pillar pair test y-direction  Figure 68: 2 um pillar pair test z-direction

Though, the increase is not perfectly linear in both directions. While the deflection
increases by about a factor 101 if increasing the amount of pairs from 5 to 500 in z-
direction, in y-direction the deflection only increases by about a factor of 17. This
could be explained by the change in position while propagating through the pillars. For
example already after 50 pairs at a high offset the deflection angle is about 0.1 mrad.
Even letting the particle propagate freely without the laser present would result in a
change in position of

d = ltan(a) (22)

where 1 is the free propagation length and « is the deflection angle. Assuming 500 pairs
of pillars, the particle would propagate freely for 450 periods or 900 um using a wave-
length of 2 um. Using the deflection angle of about 0.1 mrad after 450 pairs the particle
would be about 90nm closer to the centre and the closer the particle is to the centre
the weaker the force gets. Integrating over the whole propagation distance the effect is
actually worse than this simple calculation. Tests showed that after 500 pairs of pillars
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with 1 pum offset in z-direction the particle is already 300 nm closer to the centre. On
first sight, this might explain a decrease in linearity of the deflection.

The deflection in z-direction, instead, scales perfectly linearly. So, the change in po-
sition seems to be a minor effect. The main factor for the decrease in deflection in
y-direction might be the effect of y-deflection at z-offsets as explained in section 10.1.2.
This effect strongly increases as the amount of pairs of pillars increases. It is, as dis-
played in figure 63, negative for most offsets, but especially for zero offset and increases
in magnitude as the the amount of pairs increases. To still hit zero deflection at zero
offset, non perfect phase times of the laser, resulting in positive parallel effect, are needed
to compensate the negative deflection. As non perfect laser phase times are used, the
force is weaker.

Another reason for the worse scaling can be seen in the three sub-figures of figure 72.
The deflection at different times from the perfect laser phase is displayed. One can easily
see that for higher offsets a time difference of 0fs does not hit the same points of the
cosine like curve. While nearly the maximum is hit for 5 pairs of pillars, the deflection
is close to the turning point for the 500 pair case. If always the maximum would be hit,
the difference in deflection would be about a factor 35. So a combination of these two
effects reduces the linearity.
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Figure 72: 2 um pillar pair laser phase test y-direction

Apart from the general deflection strength as function of the amount of pairs of pillars,
the arrival time effects can also be described by these curves. As displayed in figure 72
and 76 there is a strong difference between the pillar pair laser phase tests for the two
directions. While in z-direction the curves for positive and negative offsets are mirrored,
the curves at same phase in y-direction become more similar with higher amounts of
pillars. Looking at these curves already shows, why the parallel effect only happens
in y-direction. In z-direction, if the phase is changed, the curve of a positive offset
decreases while the one with the negative offset increases or vice versa. Therefore only
the slope changes. In y-direction especially for high amounts of pairs of pillars the curves
for positive and negative offsets equally change. Therefore the difference between the
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deflection for positive and negative offsets only slightly changes while the overall curve
is shifted up and down at imperfect phase.
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Figure 73: 5 pairs of pillars Figure 74: 50 pairs of pillars Figure 75: 500 pairs of pillars

Figure 76: 2 pm pillar pair laser phase test z-direction

Another observation for high amounts of pairs of pillars and high offsets in y-direction is
that the curve is not as smooth. This is due to the fact that the particle’s propagation
is stopped when it exited the simulation volume in y-direction. So, using long particle
bunches with high amount of pillars at high offsets could be a problem as already par-
ticles, which are half a femtosecond too early get deflected out of the propagation volume.

Therefore, it would be better to use a structure with a really strong deflection and
only a few pillars than a weaker deflecting structure with a higher amount of pillars
as the behaviour in z-direction does not change and the parallel effect in y-direction
decreases.
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12 deflection with offsets in both directions

So far only single directional offsets tests were conducted. Though, as for example
section 10.1.2 showed, there are effects on the deflection behaviour of one direction, if
the other is offset. To gain some insight on the effects two types of tests were conducted.
The first test focused on the change in deflection for a z-direction offset if the particle has
also an offset in the y-direction and vice versa. The second test focused on the deflection
behaviour if a particle is offset diagonally from the centre. A diagonal offset means
in both directions at the same time. As seen in figure 78, one offset step u means an
offset of 0.25 ym in z-direction and 0.125 pm in y-direction. As always the biggest offsets
were 5 or 6 steps depending on the wavelength in positive and negative direction. The
first test focuses on exploring the coupling between the two directions, while the second
focuses on a real life example, where particles will have offsets randomly distributed in
y and z-direction. Both tests were conducted for both wavelength. For a wavelength of
2pm a 900 nm symmetric curvature as in section 8.3 was used. As in section 7.2 the
equivalent 1400 nm symmetric curvature setup was used for the 3.3 pm tests.

12.1 both directions offset test

The y-direction offset tests were conducted for offsets in z-direction ranging between
—1pm and 1 pm and the ones in z-direction for y-offsets ranging between —0.5 pm and
0.5 um to cover the usual cases. The results for a wavelength of 2 ym are displayed in
figure 77 and 78. The ones for a wavelength of 3.3 um are displayed in figure 79 and 80.
Comparing the two plots for y-direction offset tests it is pretty clear that positive and
negative offsets in z-direction decrease the deflection in y-direction by about the same
amount. For a wavelength of 2 ym the curves for negative z-offsets are completely hidden
behind the positive ones. These effects are clearly linked to what has been described
in section 10.1.2 as figure 63 displays perfect symmetric behaviour. The change in z-
direction can not be described the same way as in y-direction as there is no deflection
in z-direction if there is only an offset in y-direction. Though, the decrease might be
explained by the fact that the field is non uniform in positive and negative y-offsets,
especially very close to the pillars. As the effect is different for the two wavelengths, it
is not fully clear what is the cause. There are not too many other options as tests have
shown that only the electric and corresponding magnetic field in the Lorentz force are
needed to justify the behaviour.

Overall there seems to be a strong difference in the deflection in y-direction especially
with negative offsets. Future simulations could focus on a case where the deflection in
y-direction hardly changes with z-offsets.

12.2 diagonal offset test

As in a real experiment, not only the general deflection is important, but also the
behaviour of randomly positioned particles. The worst possible case for each unit area
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around the centre point is tested in the diagonal offset test. One unit of offset sets the
particle 0.25 pym in z-direction and 0.125 pm in y-direction from the centre point. With
this test it is crucial to look at deflections in both directions at the same time. In the
focusing z cases the laser phase with the highest peak to peak deflection is chosen. Vice
versa in the focusing y cases zero offset in y-direction is supposed to have zero deflection.
Therefore, the corresponding laser phase is chosen. The results for a wavelength of 2 ym
are displayed in figure 77 and 78. The ones for a wavelength of 3.3 ym are displayed in

figure 79 and 80.

All figures show what is expected from a quadrupole like field. If there is focusing in
z-directions there is defocusing in y-direction and vice versa. As the parallel effect is only
present in y-direction and the appropriate laser phase is chosen, both the y-deflection
and the z-deflection curve hit the centre point. In the z-deflection a strong difference in
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parallel effect is visible. While the shift of the y-deflection curve is quite small in the
2 pm case, the shift is different in sign and really strong in the 3.3 pm case. This is an-
other important effect observed during this thesis. The perfect laser phase for focusing
z-direction and focusing y-direction are not always perfectly shifted by half a period.
Usually only in a few setups the results look as good as in the 900 nm symmetric curva-
ture case for a wavelength of 2 ym. A similar setup for a wavelength of 3.3 um was the
1500 nm curvature b case.

Even after extensive research there is still no evidence that the shift between the perfect
laser phase for y and z-direction can be determined without simulating, as this is mainly
caused by the effect described in section 10.1.2. Though, as the two perfect laser phase
times are shifted by half a period in the 900 nm symmetric curvature test, there are still
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deflections visible. Even though no offset in y-direction, as seen in figure 63, it can not be
assumed that without these effects, the shift between the two perfect laser phases would
always be half periods. For real experiments, the structure will foremost have to focus
on hitting a shift of half period otherwise particles will not behave as in a quadrupole.
While focusing in z-direction will still be good, the behaviour in y-direction will depend
strongly on the parallel effect shift. A tradeoff would be to only focus on the laser phase
of the y-direction as the z behaviour would be the same just weaker.
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13 Summary of the simulation results

As all aspects of the structure’s deflection behaviour were tested, a summary of the find-
ings follows. The key points are the optimisation process especially for highest deflection
and best quadrupole like behaviour, the behaviour with different refractive indices and
the description and cause of effects, which are not concluded by the optimisation process.

The results of the optimisation process clearly indicate that optimisation of the struc-
ture is highly desired as the difference in deflection between a randomly chosen setup
and a highly optimal setup can easily be a factor 13 in z-direction and a factor 20 in y-
direction for a wavelength of 2 um. For a wavelength of 3.3 um the increase in deflection
in z-direction can be about a factor of 60, while it can be a factor of 26 in y-direction.
This already proves that the optimisation increases the deflection significantly, but also
shows that the possible increase is not uniform for different wavelengths and directions.
The difference between the highest optimised deflection differed by a factor 2.4 in z-
direction and a factor 1.6 in y-direction. So also the difference between the optimised
deflections is not a factor 1.65 as expected from the increase in propagation length, but
instead even better for the 3.3 um case. As the refractive index is practically the same
for both wavelengths there have to be some other reasons for this differences.

What was not presented in the optimisation sections, but was tested during this thesis
was combining all the optimisation results. Most of the results were chosen for further
tests anyway, but especially the height remained the same, even though slightly higher
pillars showed stronger deflection. Exploring other cases with dimensions of the width
W = 600nm, gap G = 1.75 pym, height H = 4.25 ym, symmetric curvature C = 900 nm,
shift S = 700nm with the pillar head for a wavelength of 2 uym and dimensions of
W = 1100nm, G = 2475 pum, H = 7pm, C' = 1400nm, S = 1500 nm with the pillar
head for a wavelength of 3.3 um did not result in deflections higher than the presented
cases. The deflections were higher than in all non shifted cases, but worse than the opti-
mised shifted case. This leads to the conclusion that the parameters are very interlinked
and a single parameter optimisation is only a first step towards the final structure. On
one hand this is good, as this optimisation process probably lead to a local maximum
of the deflection and there might be higher maxima of deflection out there. This might
especially be true with curvature a and curvature b tests, as their are a lot of combi-
nations untested. On the other hand this also leads to the conclusion that the current
highest deflection case has to be thoroughly tested for changes in dimensions, which will
definitely occur during fabrication as already a small change in height had drastic effects
on the results.

Apart from all the tests conducted during this thesis, there are still a lot more possible
tests that could be studied to get a final understanding of the structure’s behaviour.
One type of tests would be to combine two parameter dimensions to an interlinked one.
Starting with parameters which stretch in the same direction, is definitely advisable.
More refined optimisations could also be foreseen. Examples are the width and the gap
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between the pillars or the combination of curvature a and the height. These tests might
bring an understanding into the question, why a pillar, which is slightly higher than two
times the wavelength results in drastically higher deflections or why the best pillar gap
case for the two tested wavelengths is different. Also, it is not clear why height and
gap behave differently in the structure. One could assume that their behaviour should
be the same. Some tests should be conducted testing even higher pillars gaps in the
range of two times the wavelength as there is an indication of slightly higher than one
wavelength for the height too. Also four times the wavelength could be tested for the
height. Another interlink could be curvature b and the shift as they both stretch in
x-direction. Other types of new tests would include comparisons if a different amount
of pairs of pillars influences the optimisation process. Generally this is not expected,
but as displayed in figure 72 for the pillar pair tests, the deflection changes a lot with
the amount of pairs of pillars and does not scale linearly in y-direction. There might
be different optimisation cases for different amounts of pairs of pillars to make the y-
deflection scale better. This is especially important, if a higher amount of pairs of pillars
is used in experiments as a small change in optimisation per period increases the overall
deflection and an increase in linearity would even more drastically increase the deflection.

As a high deflection alone does not lead to great focusing results, the behaviour of
the the deflection at imperfect laser phase became a great tool. The laser phase tests,
even though not presented for each case, sometimes show more drastic changes in the
deflection behaviour than the deflection plots reveal. Especially in the shifted pillar
setups the parallel effect could be decreased a lot while at the same time increasing the
overall deflection. Decreasing the parallel effect is especially important as the stronger
the parallel effect is compared to the maximum deflection, the more accurate the perfect
laser phase will have to be hit in future experiments to assure the desired focusing ef-
fects. Though, not only the strength of the parallel effect is important, but also the shift
between the perfect laser phase for the two directions is important. Tests have shown
that several optimisation setups show different shifts. It would be desirable to have no
shift at all between the perfect laser phase for focusing in one direction and defocusing
in the other direction. This also shows that shifts between the perfect laser phase do
not especially occur neither for high deflection setups nor for low deflection setups.

It was also shown that the two directional offset tests influence each other. The coupling
increases as the number of pillar pairs increased. Decreasing this effect is important as
it directly decreases the deflection in y-direction and at the same time, shifts the parallel
effect which has to be compensated with different laser phase, inherently resulting in an
even further decrease in deflection.

The few tests conducted with different refractive indices show no promising results.
This will make the whole process more complicated as for each new material with a dif-
ferent refractive index the optimisation will have to be redone. More thorough tests with
the refractive index are advised. It would be interesting to fully optimise the structure
for at least another different refractive index to see how different the optimal structure
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is from the current results. This way it would be possible to draw parallels between the
two refractive indices and possibly find solutions to other unsolved questions about why
the structure behaves the way it does.
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14 Fabrication results

Optimisation and simulation of the structure is only one step towards a full experiment.
As PSI had worked on similar structures with straight pillars before and have them
produce by FEMTOprint, the idea was to produce the curved pillar structure in a
similar way. They describe their technology [28] as:

FEMTOPRINT® technology uses a femtosecond laser that changes the
properties of glass in the focal point with a sub-micron resolution. With
the modified refractive index, optical paths can be written in the glass. Wet
etching removes the written part forming complex 3D structures with high
aspect ratio and high precision.

The material of the fabricated structure would therefore be glass or fused silica, hence
the choice of material in the simulations [22]. Quite early in the optimisation process
FEMTOprint was contacted and a first design proposal was sent to them. Though, it
was clear quite soon that FEMTOprint would not be able to produce the curved pillars
for the nominal 2 um ACHIP wavelength. Since laser acceleration with a wavelength of
150 pm is also conducted at PSI some samples for this wavelength were ordered. The
results are displayed in figure 85. The results look really promising and statistics on the
different parameter dimensions also promises good fabrication accuracy. If this fabri-
cation process can be optimised in the coming years to fabricate smaller structures, as
this setup is currently about 45 times bigger than what would be needed for the 3.3 pmu
structures and 75 times bigger than what would be needed for the 2 pm structures, this
could become a really cost efficient way to mass produce acceleration and focusing struc-
tures.

As fabrication with FEMTOprint was not possible for shorter wavelengths a different
fabrication method had to be found. A high precision 3D printer from Nanoscribe [29]
is available at PSI and therefore tests with this device have been conducted. The results
are displayed in figure 86 for a wavelength of 3.3 ym. This is far from perfect but as this
was just one test, fabrication optimisation could result in usable pillars. One problem
still would be to determine the optical properties of the IP-dip [30] polymer used in the
fabrication.

Although the first samples are far from perfect and still a lot of time will have to be
invested in mass fabrication, these first fabrication tests still showed that current fabrica-
tion techniques are close to producing the needed structure dimensions and could become
available in the near future. Once the issues while fabrication are known, simulation can
focus on the most crucial parameters.
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Figure 85: sample structure fabricated by FEMTOprint

Figure 86: first fabricated pillars from the Nanoscribe device
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15 Experiment setup

Once the simulations are complete and the fabrication of the structure works as planned,
it would be necessary to verify if the simulations reproduce the results from the exper-
iment. This section will focus on what a simple experiment could look like. As the
two directions behave differently two possible experimental setup ideas have been devel-
oped. The setup consists of an appropriate amount of pairs of pillars, some free space
to propagate, a wall with 5 holes and detectors behind the 5 holes. A sample design was
constructed in Autodesk Inventor and is displayed in figure 87 and 88. The experiment
was designed to be conducted at Friedrich Alexander University Erlangen at the Chair
of Laser physics [17] in the ACHIP group [18] with Joshua McNeur.

The particle will propagate through the pillars, keep their angle and speed while prop-
agating through vacuum and hit the wall with the holes. If the laser is switched off, the
particles will keep their initial angle. Therefore the particle bunch will spread. If the
spread is taken into account and the diameter of the apertures is chosen according to
the spread, all particles will be detected by the centre detector regardless if the particles
were offset from the centre or not. If the laser is switched on there are two possibilities.
Either it is run in focusing phase or in defocusing phase. This experiment is created for
defocusing phases. As the particle bunch width at about 50 nm is really small compared
to the offset, the deflection angle at the end of the pillars will mainly depend on the
initial offset. The outer holes’ distances from the centre are determined by the deflection
angle at highest offsets according to

dp, =1 - tan @y,

d, =1 -tan ®,
where [ is the distance of free propagation between the last pillar and the wall, dj, is the
horizontal distance from the centre of the centre aperture to the centre of the horizontal
outer apertures, d, is the vertical distance to the vertical outer apertures, ® is the angle
in y-direction and ®, is the angle in z-direction.

(23)

The experiment will start with particles without any offset from the centre. In this
case there should hardly be any particles in the outer apertures and the highest de-
tection in the centre aperture. The more the particles are offset from the centre the
higher the amount of particles in the respective outer aperture will be and the lower the
detection at the centre aperture will be. If the simulated maximum deflection angles
are correct also in the experiment, then at maximum offset the whole particle bunch
should be detected at the respective outer aperture. These offsets test will be conducted
in both directions each for positive and negative offsets. Using the amount of recorded
particles in the apertures the mean distance of the particles from the centre aperture
for each offset can be calculated. Using equation 23 the mean distance from the centre
can be used to calculate the mean angle of the particles at the exit of the structure.
These angles can be plotted like the deflection plots from the simulations and should
give similar results.
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The advantage of the proposed setup is that offsets in both directions can be tested.
In this case one direction would defocus and the other focus. If there is enough propa-
gation space the particle’s position in focusing direction will cross the centre point and
be deflected outwards too. If the initial offset together with the amount of detected
particles in the centre aperture and two outer apertures is taken into account, even the
results from the bidirectional offset tests or diagonal offset tests could be verified.

Figure 87: design of the experiment setup in Inventor

Figure 88: front view of the experiment to see the symmetric arrangement
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16 Perspective

With the great results that were achieved during this thesis it is important to summarise
all the crucial points and give a quick outlook on what future research will have to focus
on.

The curved pillars are a great model to continue the concept of the straight pillars
used for acceleration of particles. They combine relatively low focal length with great
scalability through the laser’s power output and a relatively easy optimisation process.
The biggest issue of the curved pillars is still the overhang of the curvature. While
straight pillars can easily be produced using for example photolithography [3] as their
cross section does not change, with changing cross sections standard photolitography or
3D printing techniques have major problems fabricating the structure while satisfying
the desired accuracies. So far fabrication at these small wavelengths is not feasible for
most fabrication techniques. So, while fabrication techniques improve it might be inter-
esting to look into more regular structures like the checkerboard structure proposed by
Kent Wootton [2] for its less fragile setup.

Fabrication in general is an even bigger issue than it might seem in this thesis as all
simulations were conducted for ultra-relativistic electrons at 0.9999 times the speed of
light. A start to end concept [3] will require focusing structures at lower velocities. Us-
ing the current design of the focusing structure, the pillars would have to move closer
together depending on the velocity to avoid dephasing problems. At for example half the
speed of light, the distance between two pairs of pillars would only be half the wavelength
compared to one wavelength as in the current simulations. This puts even more pressure
on fabrications as at least the distance between two pillars will have to be decreased.
Though, there is also the possibility that dimensions of other parameters will have to be
changed too. What also should not be forgotten is that at lower velocities the gain in
velocity in the particles propagation direction will be far bigger than at ultra-relativistic
velocities leading to possible shortening of distances between pillars as the particle en-
ergy increases. Fabrication will have to be extremely accurate to include these changes
in distance with high enough accuracy to avoid dephasing. One solution can be the use
of higher harmonics of the structure itself. For the possible experiments that would have
been conducted, if fabrication would work out, Joshua McNeur suggested to use up to
the fourth harmonics of the structure. This thesis put some time looking into harmon-
ics focusing, but the idea was put on hold as it turned out that fabrication is a limitation.

The combination of Autodesk Inventor for design, Lumerical for electromagnetic simula-
tions and the particle tracking code in Matlab worked really well during this thesis, but
it definitely has its limitations. One of the limitations in the current setup is that all the
simulations were done using one unit cell consisting of two pillars and the Bragg reflec-
tor. More accurate simulations will also have to take into account the effects of the first
and the last pillar pair, as using periodic boundary conditions is just an approximation.
Another big limitations is that particle tracking was performed only with one particle at
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a time. This neglects the contribution of space charge which is critical for high current
beams. While future research might still use Inventor to design the structure, the electro-
magnetic simulations in Lumerical will become more complex. Current simulations for
one unit cell took about 15 minutes per simulation. Doing electromagnetic simulations
of a whole 50 pillar setup will therefore at least take 750 minutes and will not fit into
RAM. Therefore, the electromagnetic simulations will have to be ported to a Cluster.
Also the particle tracking code in Matlab will have to be modified. While in one way it
would get less complex as repeatedly using the same dataset would vanish, the overall
data sizes would increase drastically. This could lead to the need of partially loading the
data into RAM. Apart from technical uncertainties, it will also be interesting to expand
the code to send whole particle bunches with up to several hundred particles at dif-
ferent starting velocities, angles and phases described by different types of distributions
through the focusing structure to see a statistical behaviour of the particle’s propagation
in situation closer to reality. Performing the proposed experiment in section 15 will be
crucial to get a better understanding of what to expect and to cross check the simulations.

Optimisation of two different wavelengths has been conducted exhaustively. Apart from
some further thorough tests that might or might not lead to stronger overall deflection as
described in section 13, coupling of optimisation parameters is the only big issue. What
is more important is the behaviour of different refractive indices as this did not scale in
the conducted tests. Future simulations will have to focus on a material with a different
refractive index to be able to draw conclusions on what causes the best deflection results.

The mathematical model was able to describe the general behaviour of the deflection
curves really well. Future work should focus on two parts of the model. First is to res-
imulate the required electric and magnetic field amplitudes for different dimensions of
the parameter to get a better understanding about which parts of the mean electric and
magnetic field curves have the larger impact for the change in slope and parallel effect.
Second, it would be interesting to link a change in dimension of one of the parameters
to changes in the mean electric and magnetic field curves.

If several of the other questions are answered, it would be important to assess the
possibilities of such focusing structures in a start to end setup of a compact table top
accelerator. Most important would be to be able to create, similar to conventional ac-
celerators, FODO like structures even though this seems to be more complicated than in
the conventional design [31]. A full simulation of a FODO like structure would even help
to improve the theoretical model of transfer matrices in dielectric focusing structures.
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