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After nearly 100 years of particle acceleration, particle accelerator
experiments continue providing results within the field of high
energy physics. Particle acceleration is used worldwide in practical
applications such as radiation therapy and materials science
research. Unfortunately, these accelerators are large and expensive.
Dielectric Laser Acceleration (DLA) is a promising technique for
accelerating particles with high acceleration gradients, without
requiring large-scale accelerators. DLA utilizes the electric field
of a high energy laser to accelerate electrons in the proximity of a
nanostructured dielectric surface.
The aim of this project was limited to laser beam routing and imaging
techniques for a DLA experiment. The goal was to design the laser
beam pathway between the laser and the dielectric sample, and testing
a proposed imaging system for aiming the laser. This goal was
achieved in a test setup using a low-energy laser. In the main setup
including a femtosecond laser, the result indicated lack of focus.
For a full experimental setup, a correction of this focus is
essential and the beam path would need to be combined with a Scanning
Electron Microscope (SEM) as an electron source.
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Popular Summary
Particle acceleration experiments began in the early 20th century and have since become an important tool
in high energy physics and applications in for example medicine and materials science. Particle
accelerators have been used both in the search for new fundamental particles and for producing new
elements. The accelerators of today are based on radiofrequency technology and reach maximum
acceleration gradients around 100 MeV/m. Famous examples include the Large Hadron Collider (LHC)
and the MAX IV Laboratory in Lund. These are enormous machines that often require international
collaborations to build. There are other potential ways to accelerate particles that in principle could reach
higher acceleration gradients and thereby reducing the size of the accelerators. An idea developed only a
couple of years after the first laser was built (1960’s), was laser-driven particle acceleration [1]. One such
acceleration technique is Dielectric Laser Acceleration (DLA). DLA utilizes the strong electric fields of
high-intensity lasers to accelerate electrons in the proximity of nanoscaled dielectric media, such as
gratings. The laser shines through the grating which modulates the electric field in order to accelerate
electrons passing close above its surface. Through this method, it is possible to reach acceleration
gradients over 1 GeV/m, which is about 10 times larger than the acceleration gradients obtained using
conventional radiofrequency driven linear accelerators. Limiting factors are the damage threshold of the
dielectric material and the type of laser used for the acceleration [2]. In DLA, ultrashort pulses within the
femtosecond (fs) range are desirable due to their high peak power.
However, in this work the scope of the project was narrowed down. The main goal was to design a laser
beam pathway to overcome practical spatial difficulties and hit the dielectric. Further goals are beam
focusing and depiction of the grating in order to see if the laser was directed properly through the optical
setup. The proposed beam path was tested in a prototype setup before continuing the research with a
femtosecond laser.
Beam focusing is relevant because we want to reach the highest possible beam intensity, which also
implies reaching the large electric fields necessary to accelerate the electrons. This is easily done by
implementing a convex (positive) lens into the optical setup, placed in front of the grating that focuses
down the beam to a collimated spot on the target. Before focusing down the beam onto the grating it was
focused on a CCD camera in order to estimate the beam diameter and compare it to theoretically derived
values, thus determining the quality of the achieved beam focus.
As for imaging the target a beam splitter, a convex lens and an optical microscope were used. The beam
splitter was used to direct a portion of the light from the reflective grating to the microscope. This means
the same optical pathway is used for the imaging system and for focusing the laser on the grating. By
using the same path, only one window is necessary in the vacuum chamber of a Scanning Electron
Microscope (SEM), which will have the grating installed inside and act as an electron source.
The image from the microscope showed a focused beam spot on the grating for the test setup, which was
the main goal of this project. However, further development would include a successful depiction using
the femtosecond setup and improvement of image quality by using a better camera. Improvements could
also be made both to beam focusing and the focus of the imaging system by e.g. aligning the optical
components with higher precision.
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1 Background
1.1 Dielectric Laser Acceleration
Dielectric Laser Acceleration (DLA) is a promising approach when considering particle acceleration.
This is due to the possible outcome: accelerators with acceleration gradients over 1 GeV. Hence order of
magnitude smaller accelerators can potentially suffice to obtain similar acceleration energy that we
produce today with the large radiofrequency driven linear accelerators. The maximum achievable
acceleration gradient is limited by numerous factors such as field strength, field confinement and damage
threshold of the materials used. This means there are a lot of factors to consider in order to develop a
successful setup [3].
DLA is a method that uses the electric field of a strong laser to accelerate electrons in the proximity of a
nanostructured dielectric grating in a vacuum. The idea is to illuminate the grating with the laser, hence
modulating the electric field close to the structured surface to accelerate a beam of electrons passing the
surface of the grating, as illustrated in figure 1.1.

Figure 1.1: Illustration of a proposed DLA setup [4].

This acceleration is preferably done with a high-intensity laser such as a femtosecond laser, which will
contribute to reaching the desired particle velocities without having to include km long acceleration
pipelines. Aiming and focusing the laser on the grating is essential in DLA and can be done as proposed
in figure 1.1. By focusing the beam using a lens and utilizing a beam pellicle or splitter that guides a
fraction of the light reflected back from the grating into an optical microscope. It should be possible to
observe the grating and the beam spot and thus confirm a good focus and positioning of the laser. The use
of a beam splitter means we exploit only one optical pathway for both the imaging system and for
focusing the laser on the grating. This means that one window in the vacuum chamber will suffice to hit
and depict the target.
In this experiment a Scanning Electron Microscope (SEM) is intended to act as an electron source and
vacuum chamber. The SEM (Philips XL-30 ESEM) is presented in figure 1.2, and together with a
femtosecond laser (Spectra-Physics Tsunami) in figure 1.3.
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Figure 1.2: The Scanning Electron Microscope.

Figure 1.3: A femtosecond laser installed in front of the SEM [4].
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1.2 Project Goal
This project focuses on the beam routing and focusing of the femtosecond laser in the DLA setup
proposed in figure 1.1 and 1.3. For this, a consistent beamline has to be designed since the beam has to hit
the grating installed in a SEM with a precision of a few micrometers. This requires construction of
different laser beam pathways, minimization of the laser spot size and an evaluation of focusing and
positioning through imaging. Utilizing an optical microscope and reflected light from the dielectric
grating it should be possible to depict the laser focused on the grating, which is the main goal of this
project.
For safety and convenience reasons, the beam routing and the microscope imaging scenario will primarily
be tested and confirmed using a harmless fiber laser (~ 1mW) with wavelength 𝜆 = 635 nm in a prototype
setup. The grating will be aligned and set up outside the SEM in this setup before proceeding with a 𝜆 =
800 nm femtosecond laser setup in which the grating is intended to be installed inside the vacuum
chamber of the SEM.

2 Theory
2.1 Gaussian Beam Optics
An ideal laser beam for focusing purposes is a so called Gaussian beam. An advantage when working
with Gaussian beams is that whenever the beam is focused by an optical component such as a lens, the
beam transforms to a new Gaussian beam with different parameters. This along with the ability to focus
down the beam to the most concentrated spot makes it attractive to many applications, including DLA. A
Gaussian beam lacks “edges” and the electromagnetic and intensity profile of the beam can be described
by a Gaussian function. Both properties are presented in figure 2.1.
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Figure 2.1: Cross section of a Gaussian beam and its intensity profile.
The profile (with x being the radial distance from the propagation axis)
illustrates the correlation between the Full Width Half Maximum and
the beam diameter for a Gaussian beam.

A Gaussian beam of a particular wavelength is determined by a single parameter known as the beam waist
w0. If the beam propagates in the z-direction the time-invariant electric field amplitude reads [5]

w
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“r” is the radial distance from the center of the beam,
“z” is the axial distance from the beam waist (focus of the beam),
“E0” is the electric field amplitude at the origin,
“k” is the wave number,
“w0” is the radius of the waist,
“R(z)” represents the radius of curvature of the wavefronts,
“ѱ(z)” is the Gouy phase introduced in section 2.7, and
“w(z)” represents the radius at which the intensity falls to 1/e² of its peak value and is determined
by
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Two important quantities that can be derived from equation 1 are presented in the following equations [5].
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Equation 3 is a mathematical representation of the Rayleigh length zR, which is the distance (along the
direction of propagation) between the beam waist and the spot where the cross sectional area is twice as
large as the area at the focus. It is strictly determined from the waist and wavelength “𝜆” of the considered
beam.
Equation 4 is a representation of the beam divergence, where “n” is the refractive index of the medium the
beam is propagating through (n=1 in vacuum). For large z, w(z) increases linearly with z. Defining the
beam edge to be at r = w(z) would form a cone-shaped beam. The angle between the axis of propagation
and that edge is the beam divergence.
Also worth noting is that a large beam divergence yields a small beam waist, which is desirable when
considering beam focusing. To obtain a large beam divergence a large initial beam width combined with a
short focal length lens is required.
A sketch of the typical Gaussian beam including its waist, Rayleigh length, beam divergence and the total
angular spread (Ө = 2θ) is presented in figure 2.2.

Figure 2.2: Illustration of a Gaussian beam along with some of its quantities.
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Here we can observe the defined beam edges and how the beam divergence can be calculated from mere
trigonometry.
Note that w(z) = √2w0 when z = zR, meaning the width of the beam is simply √2 times larger than its
value at the focus. This is also realized by studying equation 2 for z = zR.
The beam diameter (1/e² diameter) is related to the Full Width at Half Maximum and can hence be
defined as

2w(z) =

√2·F W HM
√ln(2)

≃ 1.7 · F W HM



(5)


It is larger than the FWHM by approximately a factor of 1.7, which is somewhat illustrated in figure 2.1
and what equation 5 tells us [5].
By calculating the beam divergence after focusing with a certain lens and utilizing the approximation in
equation 4, it is possible to deduce the smallest achievable spot size.
The femtosecond laser has a central wavelength of 800 nm and a beam diameter of < 2 mm [6]. Focusing
this laser beam onto the grating using a convex lens with a focal length f = +30 mm yields a trigonometric
relation between the beam divergence, the beam diameter and the focal length of the lens. Calculating the
beam divergence and using equation 4 to solve for the beam waist as mentioned above, is equivalent to
solving for the minimal spot size of the beam. The identical situation is what is illustrated in figure 2.2.
With a beam diameter of 2 mm and a focal length of 30 mm the beam divergence reads
1
θ = arctan( 30
) ≃ 1.9° 

  (6)

which together with equation 4, solved for w0 yields

w0 =

λ
1
π·arctan( 30
)



(7)

Inserting 𝜆 = 800 nm leaves us with

w0

@800 nm

≃ 7.64 μm



  (8)

meaning in the ideal case, the beam can be focused down to a spot size of approximately 15.28 μm using
this setup.
Assuming the same beam diameter and focusing with the same lens in the fiber laser case (𝜆 = 635 nm),
one obtains
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w0


@635 nm

≃ 6 μm

 

 (9)


which once again, means that the minimal spot size would be around 12 μm in the ideal case.
Inserting these w0 values into equation 3 we obtain the Rayleigh lengths

z R@800nm ≃ 229 μm

(10)

z R@635nm ≃ 178 μm

(11)

which tells us how sensitive the focus in this setup is to small displacements.

2.2 Beam Quality Factor
The equation for the beam divergence of Gaussian beams and beams with poor quality is given by

θ = M ² πwλ



(12)

0

where the factor M² is the so called beam quality factor [7]. It is a measure of how well a laser beam can
be focused. The smallest achievable spot size is when we have a Gaussian beam i.e. when M² is unity, as
in equation 4. This means that lasers with a beam quality close to unity are preferable for focusing
purposes and that any estimation of the beam diameter will differ from the theoretically derived values in
equation 8 and 9, since an ideal Gaussian beam is not something achievable in practise.
Knowing the beam divergence and radius of our femtosecond laser to be < 0.5 mrad and < 1 mm
respectively [5], it is possible to calculate the maximum M²-value of the beam using equation 12.
For a wavelength of λ = 800 nm we yield



M ²@800nm <

θ·π·w0
λ

=

0.0005·π·0.001
800·10−9



≃ 1.96

  (13)

Assuming the same beam parameters for the fiber laser (λ = 635 nm) since the actual parameters are
unknown, one obtains




M ²@635nm < 2.47

 




  (14)

2.3 Simulation in GaussianBeam
The free to use software GaussianBeam can be used to calculate and illustrate how well a Gaussian beam
can be focused in a specific optical setup. Knowing the parameters of your laser and what type of setup
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you want to test in practise it is possible to build this setup in GaussianBeam, and thus get a validation of
the beam focus.
Plugging in the beam parameters obtained from the femtosecond laser user’s manual [5] and the estimated
M²-value into GaussianBeam resulted in figure 2.3, after adding a focusing lens with focal length 30 mm.

Figure 2.3: Simulation of the femtosecond laser beam focused with a f = 30 mm lens.

This illustration gives us a hint about the precision of the beam focusing in this particular setup and many
other set of lenses can be implemented and tested as well.

2.4 Lenses
Choosing the most suitable set of lenses to the setup is crucial in order to focus the beam with the
precision required for the dielectric laser acceleration. In this section the most common types of lenses
used in laser optics will be introduced and briefly discussed, in order to justify our choice of lenses.
The first basic principle to consider that applies to all types of lenses, is the choice between concave or
convex lenses. Rays of light passing through a concave lens will diverge whereas when passing the
convex lens they converge to a focal point, also referred to as focus or image point. This is why the
convex lenses are attractive when working with laser beams, especially the Gaussian ones. Both cases are
illustrated in figure 2.4.
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Figure 2.4: Parallel rays of light passing a biconcave vs biconvex lens.

What partially characterises a lens is its focal length “f” which is the distance between the center of a lens
to the focal point, as presented in figure 2.4. It is a measure of how strongly the lens refracts incident
light.
A negative value of the focal length indicates divergence of light, whereas a positive value indicates
convergence. This means that concave lenses (diverging lenses) have negative focal length while convex
lenses (converging lenses) have positive focal length. This is also realized with the help of figure 2.4
when defining the reference point of the system (origin) to be in the center of the lens, for both cases.
Due to the fact that only the case with the convex lens yields a real focal point and convergence of
incident light, concave lenses will not be considered initially since beam focusing is of highest importance
in this project.

2.4.1 Optical Aberrations
When shining on a lens with light, different optical aberrations may occur depending on the light source
and the shape of the lens.
A common aberration is the so called “Chromatic aberration”, which is when light of different
wavelengths is refracted to different focal points when passing a lens, as shown in figure 2.5. This is due
to the fact that materials have different refractive indices for different wavelengths.
A lens that minimizes this effect for a certain wavelength range is an achromatic lens. A common
achromatic lens is the achromatic doublet, which consists of two glasses of different refractive indices
that cancel the aberration. Due to the geometry of the lens (see figure 2.6) it can also be designed to
minimize spherical aberration (described below). This is the desired attribute of the achromatic lens in
this project. Its ability to cancel out chromatic aberration is not relevant in most laser optics applications
since lasers typically emit monochromatic light, i.e. light of a single wavelength [8].
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Figure 2.5: Illustration of chromatic aberration showing three different
wavelengths and their corresponding focal points.

Figure 2.6: Achromatic doublet cancelling the chromatic aberration and
focusing the blue and red rays to the same focus.

Most lenses used in optics are spherical lenses, meaning that the surfaces of the lens have a spherical
curvature. As a spherical lens is not an ideal lens, this geometry gives rise to so called “Spherical
aberration” [9]. Rays travelling far from the center of a spherical lens will not be refracted to the same
focal point as rays closer to the center, as presented in figure 2.7. This aberration will reduce the image
quality of an optical setup, but can be prevented by using an aspherical lens. These are however more
difficult to produce than spherical ones.
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Figure 2.7: Spherical aberration emerging due to the off-centred rays of light passing the lens.

2.4.2 Coating
An untreated glass surface typically reflects around 4% of the incoming light [10]. An optical system
usually contains many such interfaces and can thus lose a lot of the incoming light to reflections. The
reflected light does not disappear, but can often cause artifacts or loss of contrast in imaging systems.
A standard course of action that prevents image or beam quality reduction, is the usage of Anti-Reflective
(AR) Coatings. These consist of one or several layers of optical film applied to the surface of an optical
element such as a lens to reduce the amount of light lost through reflection. In the simplest case, the
reflection from the front and backside of the film interfere destructively, thus removing the reflection.
This is achieved through controlling the refractive index and thickness of the film and these factors are
dependent on the wavelength of the incident beam.

2.5 Beam Splitter
Precisely as the name implies, a beam splitter is an optical instrument used for splitting a beam in two
through reflection and transmission of light [11], as presented in figure 2.8.
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Figure 2.8: Illustration showing the reflective and transmitting property
of the beam splitter in our intended application.

Note that the target (reflective grating) is reflecting back part of the transmitted light from the beam
splitter, which will again be affected by the properties of the splitter, but this time in reverse. This means
it should be possible to depict the grating by capturing the fraction of light reflected the second time at the
surface of the beam splitter in an optical microscope or detector, as proposed in the illustration.
The ratio between reflected and transmitted light is often denoted as R:T, where both the reflectivity and
transmission are given in percentages and vary depending on the wavelength of the incident beam and
what application the beam splitter is designed to be used in.
There are two recurring types of beam splitters; non polarizing and polarizing ones, which is why
knowing the polarization of the light source is essential to strategically choose the correct beam splitter
depending on the agenda.

2.6 Polarization
In laser physics, polarization refers to the oscillation direction of a laser beam’s electric field. There are
three usually considered types of polarization; linear, circular and elliptical. The main laser used in this
project is vertically polarized, which is a linear polarization. This means that light will have its electric
field oscillation along a single axis perpendicular to the axis of propagation, as shown in figure 2.9.
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Figure 2.9: Electric field oscillation of a vertically polarized transverse wave, propagating in the z direction.

Another crucial factor to comprehend is the “s” (senkrecht, meaning perpendicular in german) and “p”
(parallel) polarization. It refers to how the electric field vector relates to the plane of incidence of e.g. an
optical component. This means p-polarized light has an electric field direction parallel to the plane of
incidence while s-polarized light has its electric field vector perpendicular to the same plane, as illustrated
in figure 2.10 [12].

Figure 2.10: S and p polarization of incoming vertically polarized
light, with the surface of a polarizing beam splitter as plane of incidence.

Choosing a beam splitter to represent as the plane of incidence in the illustration is because of its
relevance to this project.
This whole polarization scenario should be taken into consideration whenever working with an
application including a polarized light source since the results are strictly dependent on the type of
polarization and the plane of incidence.
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2.7 Gouy Shift
A Gaussian beam is known to develop a phase shift along its propagation direction called “Gouy phase
shift”, which was presented in equation (1) but is declared for in the following equation

ѱ(z) = arctan ( zz )
R

(15)

where zR is the Rayleigh length introduced in section 2.1 along with the variable z, which for a value of
zero tells us we have no Gouy phase shift at the beam waist. This shift yields larger distance between the
wavefronts of a beam and hence an increased phase velocity compared to plane waves of the same
frequency.
For higher-order transverse electromagnetic modes (TEM) the phase shift is stronger, but most
commercial lasers, including our femtosecond laser, are limited to the fundamental Gaussian mode TEM00
meaning the Gouy shift will be weak [ 13].

3 Method Development
The following bulleted list shows the tentative work plan of the project.
• Tests with fiber laser (635nm), mirrors and periscope to construct the desired beamline
• Implementation of lenses in setup and building first prototype of beamline on optical breadboard
• Beam spot focus and analysis using a different set of lenses and a CCD as target
• Identifying alternative routing scenarios
• Evaluating microscope imaging scenario
• Buying hardware for femtosecond setup
• Construct femtosecond beamline
• Evaluation of final beamline
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3.1 The Prototype Setup
Initiating the research using the highly energetic femtosecond laser would be unwise. Building a
prototype setup where beam routing, focusing and imaging techniques can be practised in a safe
environment is preferable.
Initially a fiber laser with the wavelength 635 nm and power 1 mW (see appendix) was guided through a
constructed pathway of silver mirrors and a periscope as illustrated in figure 3.1.

Figure 3.1: First construction of the prototype beamline with the fiber laser (visible to the left).

The implementation of the periscope is due to the height difference between the femtosecond laser output
and the entrance into the SEM, which was estimated to be roughly 10.7 cm. A sketch showing how the
periscope solves this issue is presented in figure 3.2.
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Figure 3.2: Illustration of a periscope guiding a laser beam to a lower altitude using
mirrors tilted 45° with respect to the axis of propagation.

Alternative routing scenarios were examined. Placing the periscope in front of the laser output to directly
guide the beamline to the desired height proved useful. Regardless of the beamline tested, having to
consider two dimensions instead of three when working with the alignment in the setup is advantageous.

3.2 Beam Spot Focus and Analysis
In order to obtain the desired micrometer precision, beam focusing is necessary. Determining the laser
spot size (beam diameter) is one course of action when wanting to estimate the effectiveness of the beam
focusing.
A way of doing this is to study the spot size captured on a CCD target using the fiber laser for different
scenarios. For instance when the beam is focused with lenses of different focal lengths, or when using
filters to lower the intensity of the beam and hence minimizing the risk of damaging the CCD sensor.
In the prior attempt the beam was focused using only a convex lens with a focal length of +200 mm, this
resulted in overly saturated beam spot images. Adding two polarisation filters in order to limit the amount
of light reaching the sensor resolved this issue. The lens and CCD setup is illustrated in figure 3.3 and the
resulting beam spot and intensity profile presented in figure 3.4. The CCD target used is a disassembled
webcam.
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Figure 3.3: The initial laser spot analysis setup including a f = 200 mm convex lens and a CCD target.
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Figure 3.4: The obtained beam spot size and intensity profile using the f = 200 mm convex lens.
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One quickly realizes the Gaussian characteristics of the beam as expected, but a rather large spot size. The
most probable cause for this spot size is the large focal length of the lens, meaning the next step would be
to implement a lens with smaller focal length. This implementation led to saturation of the image (due to
better beam focus), so filters that strip down the intensity of the beam were added to the setup.
The filters added were “Neutral Density” (ND) filters, which reduce the intensity of all wavelengths by
either absorbing or reflecting a certain amount of the incident beam while transmitting the rest. They have
other advantages as well but served only this purpose in this project.
The result obtained using the same setup after replacing the polarizers and the f = 200 mm lens with a pair
of ND filters and an AR coated f = +30 mm achromatic lens (see figure 3.5) is presented in figure 3.6.

Figure 3.5: The achromatic lens implemented to the setup.
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Figure 3.6: Beam spot size achieved with the achromatic lens.

Note how the beam spot is much more focused as opposed to the prior case. The achromatic lens was not
used here to prevent chromatic aberration, its sole purpose was to minimize the spot size.
In order to estimate the spot size of the laser, the pixel size of the CCD sensor needs to be measured.
Together with the 1/e² diameter in pixels measured in the intensity profile, the beam diameter can be
calculated.
The CCD sensor was studied with a microscope and the result with indicated dimensions are presented in
figure 3.7 and 3.8. The magnification is rather low because components on the circuit board of the
webcam were too large to fit under the high-magnification objectives.
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Figure 3.7: Image showing the CCD sensor and its pixels (red-blue dots in the center of the image).

Figure 3.8: Image of the CCD sensor and its dimensions (height: 1135.25 µm, width: 1473.96 µm).

The pixel size of the sensor was estimated from figure 3.7 to be around 2 µm and figure 3.8 aided us in
confirming this, thanks to the indicated dimensions of the sensor.
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Knowing the resolution of the sensor to be 720x480, one can simply calculate the pixel size by dividing
the width of the sensor surface (1473.96 µm) with the number of pixels in the horizontal direction (720).
This yields a pixel size of 1473.96 µm/720 pixels ≈ 2.047 µm/pixel, which is indeed in agreement with
the estimation made from figure 3.7.
Now that we have the pixel size of the CCD sensor, calculating the intensity profile of the beam spot
obtained with the achromatic lens and the ND filters it is possible to estimate the beam diameter. The
intensity profile is presented in figure 3.9.

Figure 3.9: Intensity profile of the beam spot obtained using the f = 30 mm achromatic lens.
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Once again one can observe the Gaussian characteristics of our fiber laser and a focused beam spot.
As explained in section 2, the beam diameter is related to the FWHM and is about 1.7 times larger.
Meaning if we estimate the FWHM to 13 pixels from figure 3.9 and multiply with the factor 1.7, we get
22 pixels.
Knowing that our CCD’s estimated pixel size is around 2 µm/pixel, we obtain an approximate beam
diameter of 2 µm/pixel ⋅ 22 pixels = 44 µm.
This differs with 32 µm from the theoretically derived value (12 µm), which represented the minimal spot
size achievable with a 635 nm ideal Gaussian beam focused through a f = 30 mm lens. Taking the
calculated beam quality for this beam (equation 14) into account, which is far from unity, one realizes the
result is reasonable.

3.3 Producing the Test Target
Knowing for sure that the beam can be focused down to at least the correct order of magnitude, leads us to
the next milestone of the project, which is the depiction of the grating using an optical microscope.
The actual grating that will be used in the dielectric laser acceleration setup is made out of diamond and
will not be used during the tests in this project. The goal here is to simply depict a patterned test target
illuminated by the laser beam, and for this any type of sample with reflective properties (e.g. Si or Al
target) should suffice. The test target was made of Si and engraved with numbers on carved 1x1
millimeter squares as shown in figure 3.10 using a laser cutter at the Ångström Laboratory clean room.

Figure 3.10: Design of the Si target produced by the laser cutter.
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The numbered engravings are necessary to be certain that if we depict something in the microscope, it is
the target and not something trivial such as an aberration etc. The numbers will also aid us in determining
whether magnification of the image is of interest or not.
Figure 3.11 presents the laser cutter in action.

Figure 3.11: Realization of the sample using the laser cutter.

The results in this project are all obtained using this piece of Si as target.
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3.4 Microscope Imaging
For the sake of comparison, two USB microscopes were implemented and tested in the prototype setup.
How they were mounted is presented in the following image.

Figure 3.12: The two microscopes tested in the prototype setup.

For both microscopes, it was difficult to capture anything non-trivial without an external light source
shining on the target and an additional lens in front of the microscope. A non-polarizing beam splitter
with a split ratio of 50:50 was used in the imaging system designed for the prototype setup, since the only
interesting goal for the fiber laser case was the depiction of the sample at varying distances.
Figure 3.13 shows the final setup with the imaging system including the beam splitter, microscope and the
lens in front of it.
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Figure 3.13: Final prototype setup used in the microscope imaging scenario.

Figure 3.14 shows the same setup seen from a different point of view, making it easier to observe the
actual imaging system.
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Figure 3.14: The final prototype setup including the imaging system with the beam splitter (tilted optics in the
center of the image), microscope and a focusing lens in front of it (visible to the right).
In the bottom right corner one can observe the achromatic lens focused on the Si target.

The large distance of 25 cm between the achromatic lens and the imaging system (as observed in figure
3.14) is to account for the future DLA setup. The diamond grating will then be placed in the vacuum
chamber of a SEM with a lens in front of it. The imaging system will be outside the SEM and the distance
between the grating and the window in the vacuum chamber is ∼ 20 cm.
In the femtosecond case, a polarizing beam splitter with a split ratio of 1:99 (R:T) for p-polarized light
will be utilized. Due to the vertical polarization of the laser, 1% of the incident light will be reflected at
the surface of the beam splitter while the remaining 99% is transmitted to the target. A fraction of the
99% is reflected back (depending on the reflective properties of the sample) to the beam splitter that once
again will reflect 1% of that light to the microscope, hence minimizing the risk of burning its sensor.

29

3.5 Tsunami Femtosecond Beamline
The femtosecond laser used is the Tsunami Mode-locked Ti:sapphire laser from Spectra-Physics. It has
about 60-70 fs pulse width, 80 MHz pulse repetition rate at a wavelength of 800 nm and the power is
about 850 mW [6].
In the final fs beamline, the same type of setup was built but using different mirrors. Due to the ultrashort
pulses of the femtosecond laser, ultrafast mirrors (specially designed for these kind of high-energy lasers)
are required to redirect the beam without inflicting damage on the optics. Using the same silver mirrors as
the ones in the prototype setup would result in evaporation of the metal.
Figure 3.15 is intended to show the fs beamline as seen from above while also illustrating the benefits of
the chosen 1:99 (R:T for p-polarized light) polarized beam splitter. The realization of this setup is
presented in figure 3.16. The beam dump is installed under the beam splitter to absorb the energy of the
unwanted reflection of the incident beam.

Figure 3.15: Sketch of the final femtosecond beamline.
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Figure 3.16: The final femtosecond setup with the laser output at the top right corner of the image,
the microscope near the bottom right corner, the achromatic lens and the Si target at
the bottom left corner, the beam splitter at the center along with the beam dump next to it.

4 Results
The following images illustrate the final results obtained for both the fiber and femtosecond laser setup.
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Figure 4.1: First attempt on depicting the target illuminated by the fiber laser.

The image above was taken with the left microscope in figure 3.12 in the setup illustrated in figure 3.13.
It is possible to observe the target and the beam spot with good resolution at the center of the image.
Toward the edges the quality of the image is rapidly reduced by spherical aberration emerging from the
achromatic lens. Observing the sample and the beam spot is indeed progress, however the observation of
the lens-edge is not desirable.
One can overcome this by magnifying the image center, thus preventing the capture of the lens and
perhaps the spherical aberration. This can be done by either implementing a set of lenses to obtain
magnification or by testing another microscope that comes with different magnification settings.
Fortunately, the microscope to the right in figure 3.12 possesses this attribute.
Figure 4.2 and 4.3 present two snapshots taken with two different magnifications after implementing the
second microscope to the setup presented in figure 3.14.

32

Figure 4.2: The second attempt in the fiber laser imaging scenario.

Figure 4.3: The second attempt on depicting the target illuminated by the fiber laser.
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As we can see, magnification of the image was achieved and we no longer observe the lens but the
spherical aberration is still a disruptive factor. One can observe part of a number that was engraved on the
target in figure 4.2 before the image is distorted by the spherical aberration. A slight distortion of the
image due to misalignment is also present in both images but is considered of no relevance, since the sole
purpose of the prototype setup was the depiction of the laser beam focused on the target.
In the fs setup similar results were obtained in the absence of a laser, as expected. Figure 4.4 is a depiction
of the Si sample in the setup that was presented in figure 3.16. In figure 4.5, the Si target has been
replaced with a glass one and the magnification has been changed.

Figure 4.4: Depiction of the Si target in the fs setup.
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Figure 4.5: Depiction of the glass target in the fs setup.

However, after guiding the fs laser through the setup with a successful focused beam on both samples we
arrived at figure 4.6, for both cases.
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Figure 4.6: Attempt to depict the target illuminated by the femtosecond laser.

Apart from the visible lens in front of the microscope and the overexposure of light, the target is visible in
both the lens and the top right corner of the image. This indicates bad focus and unwanted reflections
within the setup but also means that although the result achieved was not desirable, the imaging
succeeded.
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5 Discussion
The concept works. Independent of which microscope that was used or the quality of the CCD sensors,
the imaging system containing the beam splitter, reflective sample and the microscope proved functional.
Both setups provided images of light illuminating the target although image quality was lacking,
especially in the femtosecond case. Regardless of the target installed into the fs setup the exact same
result was obtained, an overexposed image with bad focus and magnification. Different types of beam
splitters were also tested in the same setup in case the source of error was too much intensity reaching the
microscope. Unfortunately, the results remained the same.
Obtaining an image with respect to the distance required between the imaging system and the SEM is
possible, meaning the next step would be the installation of the diamond grating in the SEM and check if
depiction is still achievable. If that is the case, then we have arrived at the point where the actual DLA
becomes relevant and an electron beam has to be included. However, this is irrelevant until the imaging in
the fs setup can be done with greater detail.
Possible adjustments to the current setup would be higher precision on the alignment of the optical
components and using a better CCD camera to see if the beam focusing can be done with better outcome,
since the value obtained for the beam diameter differed a lot from the theoretically derived value. A CCD
sensor of higher quality may result in zero saturation of the beam spot and/or a captured image with
higher resolution, leading to fewer pixel counts and hence an accurate intensity profile. A correct intensity
profile would yield a respectable estimation of the beam diameter, which would probably still be far from
the actual value. Taking the calculated M²-values into account we realize that our lasers are potentially far
from ideal Gaussian beams, which is the assumption that has been made when calculating the beam waists
for both lasers. This means it is impossible to focus the beam to the calculated beam diameters presented
in section 2. Furthermore, assuming that the fiber laser has the same beam parameters as the femtosecond
laser is not credible. This was done for experimental validation since the beam spot analysis was done for
the prototype setup only, where complete specifications for our fiber laser were missing. Needless to say,
a thorough M² measurement is required rather than a theoretical calculation from estimated parameters in
the femtosecond laser user’s manual. This would provide us better understanding of the limitations of our
laser, and if the M²-value yet remains much larger than unity it is appropriate to consider a short pulsed
laser of better beam quality.
Also worth contemplating, is if magnification with higher image quality can be obtained by using a setup
of lenses in front of a detector instead of utilizing an optical microscope. This way, one has more control
over the exact location of the focal plane. In the current setup the lens system built inside the microscope
is unknown, meaning the location of the focus produced by the focusing lens (in front of the microscope)
together with the microscope itself, has been found empirically. This is not something that is
recommended or desirable when working with such sensitive precision-based setups, as the calculated
Rayleigh lengths implied.
There are also other possible errors and optical aberrations that have not been considered in this project
simply because time did not permit it.
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6 Conclusion
The target and the beam spot were depicted in the fiber laser case, even at the distance required to place
the imaging system outside the SEM. This implies that the setup proposed in figure 1.1 serves its purpose
and that one should be able to obtain an image when trying to depict the diamond grating after installing it
in the SEM, which is the next objective after correcting the overexposed images obtained from the
femtosecond setup.
Further advancements can be made in both the imaging scenario and beam spot analysis with respect to
image quality. A practical measurement of the beam quality factor M², better CCD target or camera and
higher demands on component alignment will prove useful in both cases.
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Appendix
The following parts lists include the majority of the optical components purchased and used in the setups.
Equipment such as regular focusing lenses, silver mirrors, posts and pedestals that were already at my
disposal are not included but was also acquired from Thorlabs.
Thorlabs
part. no.

Description

Amount

Unit
price
(sek)

Sub.tot
(sek)

HLS635

Handheld Fiber-Coupled Laser Source, 635 nm,
FC/PC

1

5947

5947

RS99/M

Complete Periscope Assembly, Metric (Mirrors not
included)

1

2695

2695

PH50E/M

Ø12.7 mm Pedestal Post Holder, Spring-Loaded
Hex-Locking Thumbscrew, L=54.7 mm

3

227

681

PH75E/M

Ø12.7 mm Pedestal Post Holder, Spring-Loaded
Hex-Locking Thumbscrew, L=79.7 mm

3

232

696

P1-630AFC-1

Single Mode Fiber Patch Cable, 1 m, 633 - 780 nm,
FC/PC

1

612

612

F230FC-B

633 nm, f = 4.43 mm, NA = 0.56 FC/PC Fiber
Collimation Pkg.

1

1399

1399

KAD11F

SM1-Threaded Kinematic Pitch/Yaw Adapter for Ø11
mm Cylindrical Components

1

610

610

Sum

12640

Table A1: Parts list of equipment used in the prototype setup.
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Thorlabs
part. no.

Description

Amount

Unit
price
(sek)

Sub.tot
(sek)

EBS2

Economy 50:50 Beamsplitter, Ø2", AOI: 45°

1

657

657

NUK01

Box with 10 UVFS Reflective Ø25 mm ND Filters,
SM1-Mounted, 200 - 1200 nm

1

6108

6108

ND10B

Unmounted Reflective Ø25 mm ND Filter, Optical
Density: 1.0

1

426

426

ND20B

Unmounted Reflective Ø25 mm ND Filter, Optical
Density: 2.0

1

522

522

ND30B

Unmounted Reflective Ø25 mm ND Filter, Optical
Density: 3.0

1

522

522

TRF90/M

90° Flip Mount for Ø1" Filters and Optics, M4 Tap

3

775

2325

AC254-03
0-AB

f = 30.0 mm, Ø1" Achromatic Doublet, ARC: 400 1100 nm

1

900

900

SM1PRR

SM1 (1.035"-40) Plastic Retaining Ring for Ø1" Lens
Tubes and Mounts

3

52

52

ER3-P4

Cage Assembly Rod, 3" Long, Ø6 mm, 4 Pack

1

226

226

BP108

Ø1" Pellicle Beamsplitter, Uncoated for 8:92 (R:T)
Split Ratio for 400-2400 nm

1

844

844

KM100BP

Kinematic Mount for Ø1" Pellicle Optics

1

752

752

BSF20-B

Ø2" UVFS Beam Sampler for Beam Pick-Off, ARC:
650-1050 nm, 8 mm Thick

1

920

920

Sum

14254

Table A2: Parts list of equipment used in both the prototype and femtosecond setup.
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Thorlabs
part. no.

Description

Amount

Unit
price
(sek)

Sub.tot
(sek)

UM10-45
A

Ø1" Low GDD Ultrafast Mirror, 700 nm - 930 nm, 45°
AOI

5

2033

10165

UM10-A
G

Ultrafast-Enhanced Silver Mirror, 750 - 1000 nm

5

917

4585

K25F4

Polaris® Low Distortion Ø25 mm Mirror Mount, 2
Adjusters

3

2403

7209

POLARIS
-K1T1

Polaris® SM1-Threaded Ø1" Mirror Mount, 2
Adjusters, 2 Retaining Rings Included

3

1986

5958

SM2RR-P
5

SM2 Retaining Ring for Ø2" Lens Tubes and Mounts,
5 Pack

1

279

279

FP90/M

Adjustable Flip Platform, M4 Taps

1

629

629

Sum

28825

Table A3: Parts list of equipment used in the femtosecond setup.
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