
Dissertation

Development of Techniques for a Straight-Line Alignment
System Based on Pseudo-Nondiffracting Structured and
Layer Laser Beams

Study program: P0788D270007 – Applied Sciences in Engineering
Author: Ing. Martin Dušek
Supervisor: doc. RNDr. Miroslav Šulc, Ph.D.
CERN Supervisor: Jean-Christophe Gayde

Liberec 2025



Declaration
I hereby certify, I, myself, have written my dissertation as an origi-
nal and primary work using the literature listed below and consult-
ing it with my thesis supervisor and my thesis counsellor.
I acknowledge that my dissertation is fully governed by Act
No. 121/2000 Coll., the Copyright Act, in particular Article 60
– School Work.
I acknowledge that the Technical University of Liberec does not in-
fringe my copyrights by using my dissertation for internal purposes
of the Technical University of Liberec.
I am aware of my obligation to inform the Technical University of
Liberec on having used or granted license to use the results of my
dissertation; in such a case the Technical University of Liberec may
require reimbursement of the costs incurred for creating the result
up to their actual amount.
At the same time, I honestly declare that the text of the printed
version of my dissertation is identical with the text of the electronic
version uploaded into the IS STAG.
I acknowledge that the Technical University of Liberec will make
my dissertation public in accordance with paragraph 47b of
Act No. 111/1998 Coll., on Higher Education Institutions and
on Amendment to Other Acts (the Higher Education Act), as
amended.
I am aware of the consequences which may under the Higher Edu-
cation Act result from a breach of this declaration.

19. 1. 2026 Ing. Martin Dušek



Development of Techniques for a
Straight-Line Alignment System Based on
Pseudo-Nondiffracting Structured and
Layer Laser Beams

Abstract
This thesis develops solutions based on pseudo-nondiffracting

Structured Laser Beams (SLBs) and Layer Beams (LBs) for align-
ment systems based on a straight-line reference. The thesis is orga-
nized into a theoretical part, followed by six thematically intercon-
nected publications. The first publication describes the generating
wavefront reconstruction method using a convolutional neural net-
work and least-squares fitting to estimate defocus and spherical
aberrations from a single transversal intensity distribution, which
achieved the root-mean-square error (RMSE) of the reconstruction
0.09λ relative to Shack–Hartmann sensor measurements. The sec-
ond publication investigates how atmospheric effects influence the
quality of the alignment reference. The third publication builds
on this work by presenting, together with the second, an analysis
of centroiding algorithms applied to SLBs and Hollow SLBs. On
simulated datasets, the algorithms introduced absolute detection
errors in the range of 10−4 pixel (px) to 10−2 px, while the exper-
imental validation of precision demonstrated a standard deviation
of 1.3 µm. The fourth publication describes experimental genera-
tion of LBs up to 140 m and presents an algorithm for alignment
reference plane detection, which introduced a standard deviation
error equal to 0.7 µm for the experimental validation of precision.
The fifth publication describes the generation principle of LBs in
detail. The last publication presents an LB-based alignment sys-
tem prototype, comparing it to state-of-the-art measurements. The
results showed a repeatability and reproducibility of the alignment
reference with an RMSE below 30.0 µm. The relative alignment pre-
cision was validated as 4.3 µm over a 2 m distance. The last paper
also describes a conceptual idea for a fiber matrix-based radiation-
hard sensor. The proof-of-concept yielded a root mean squared
error of the detection of the reference below 1.3 µm. This error was
induced by the fiber matrix. The results highlight the potential for
using straight-line reference systems based on SLBs and LBs for
the alignment of particle accelerators at CERN.

Keywords: Non-Diffracting Beams, Structured Laser Beams,
Layer Beams, Alignment



Vývoj technik pro justážní systém na bázi
Strukturovaných a Vrstvených laserových
svazků

Abstrakt
Tato disertační práce rozvíjí a experimentálně ověřuje

metody využívající pseudo-nedifrakční Strukturované laserové
svazky (Structured Laser Beams, SLBs) a Vrstvené svazky (Layer
Beams, LBs) pro justážní systémy založené na referenční linii.
Práce je členěna na teoretickou část, po které následuje šest té-
maticky propojených publikací. První publikace popisuje metodu
rekonstrukce generující vlnoplochy pomocí konvoluční neuronové
sítě a metody nejmenších čtverců pro odhad defokusu a sférick-
ých aberací z jediného příčného rozložení intenzity. Výsledná
kvadratická střední chyba (RMSE) rekonstrukce byla 0,09λ vzhle-
dem k měřením Shack–Hartmannovým senzorem. Druhá publikace
popisuje vliv atmosféry na kvalitu justážní reference a společně
se třetí publikací se také zabývá algoritmy pro detekci středu
SLBs a Hollow SLBs. Ty dosáhly absolutních chyb v rozsahu
10−4 pixelu (px) až 10−2 px na simulovaných datech, a směrodatné
odchylky 1,3 µm při experimentálním ověření přesnosti. Čtvrtá
publikace popisuje experiment šíření LBs na vzdálenost až 140 m
a také předsavuje algoritmus pro detekci referenční roviny pro
justáž, který dosáhl směrodatné odchylky chyby 0,7 µm při exper-
imentální validaci přesnosti. Pátá publikace pak detailně popisuje
princip generování LBs. Poslední publikace představuje prototyp
justážního systému založeného na LBs. Tento systém byl porovnán
se state-of-the-art měřeními a dosáhl opakovatelnosti a reproduko-
vatelnosti při tvorbě referenční roviny s kvadratickou střední chy-
bou pod 30,0 µm. Relativní přesnost justáže byla experimentálně
ověřena s přesností 4,3 µm na vzdálenosti 2 m. Dále je v článku
popsán koncept senzoru odolného vůči radiaci založeného na matrici
optických vláken. Ověření konceptu vedlo ke kvadratické střední
chybě detekce referenční roviny menší než 1,3 µm. Tuto chybu způ-
sobilo vložení vláknové matrice. Výsledky této práce podtrhují po-
tenciál využití SLBs a LBs pro justážní systémy určené pro urychlo-
vače částic v laboratoři CERN.

Klíčová slova: Nedifrakční svazky, Strukturované svazky,
Vrstvené svazky, Justáž
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1 Introduction

Particle accelerators are complex machines designed to accelerate confined beams
of particles to velocities close to the speed of light. The alignment of hardware com-
ponents of the accelerator is defined as the process of adjusting the position of
accelerator parts to their defined position. It is a critical aspect of particle accel-
erator operation, directly impacting the performance, efficiency, and ultimately the
scientific output of these machines [1]. To achieve the desired precision in particle
trajectories using the beam-based alignment methods [2], the components of the
accelerator must be first aligned with millimeter to sub-millimeter accuracy over
distances that can span kilometers. This step, which is sometimes referred to as a
pre-alignment, relies fundamentally on geodetic metrology and advanced surveying
techniques [3].

The Large Hadron Collider (LHC) [4] at the European Council for Nuclear Re-
search (CERN) [5] is a perfect example of the challenges and achievements of the
accelerator alignment field. With a circumference of 27 km, the LHC requires the
absolute alignment and placement of accelerator components with accuracy on the
order of millimeters. The relative alignment of LHC components must ensure that
their positions deviate no more than 0.15 mm (1-sigma) from the alignment refer-
ence within any 150 m long segment, to maintain beam stability and achieve collision
energies at the TeV scale [6]. These requirements represent a significant tightening
of alignment tolerances compared to earlier accelerators at CERN, such as the Pro-
ton Synchrotron (PS) and the Super Proton Synchrotron (SPS) [7]. The relative
alignment precision in the PS and SPS was typically on the order of several hundred
micrometers to about 1 mm over similar segment lengths [8].

This reflects the increasing demands on alignment tolerances as accelerator en-
ergies and complexities grow. These tolerances were allowed to be met by the evolu-
tion of modern techniques in geodetic metrology, which leverage advances in various
fields such as geodesy, surveying, metrology, optics, and computational modeling,
complementing traditional surveying methods like theodolite observations with ad-
vanced instruments such as laser trackers and photogrammetry [3]. An additional
complementary measurement technique is a straight-line reference system. It is used
to measure the offsets of individually aligned components relative to a common ref-
erence line over distances of hundreds of meters. The straight-line reference systems
are a vital measurement technique in the accelerator alignment field, because the
accuracy of angular measurement devices, such as laser trackers, decreases with
distance and does not provide the required precision for measurements spanning
hundreds of meters [9].
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1.1 Motivation and Aims
The continuous advancement of particle physics relies heavily on the devel-

opment of increasingly powerful and precise particle accelerators like the Future
Circular Collider (FCC) with its 100 km circumference [10], and Compact Lin-
ear Collider (CLIC) [11]. These next-generation machines could require alignment
tolerances that can be even orders of magnitude tighter than LHC [1, 12]. Automa-
tion in particle accelerator alignment systems is also becoming increasingly crucial
for maintaining precise component positioning in high-radiation environments, in-
creasing efficiency, enabling real-time adjustments without human intervention, and
improving overall safety [13]. To address these challenges, the R&D initiatives in
the alignment domain at CERN include, for example:

• Frequency Scanning Interferometry (FSI): Development of high-precision
distance measurement systems based on absolute interferometry for continu-
ous monitoring of particle accelerator component positions [14] and monitoring
of machine detector interfaces [15].

• Full Remote Alignment System: Integration of various alignment tech-
nologies into a comprehensive system for real-time monitoring and adjustment
of particle accelerator components [13, 14, 16, 17].

• Wire Positioning System: A Wire Positioning System (WPS) is a straight-
line alignment system that measures radial and vertical offsets of particle accel-
erator components relative to a stretched reference wire. The research focuses
on the improvement of WPS capacitive sensors for improved accuracy and
reliability in harsh radiation environments and solutions for wire installation
automation [16].

• Hydrostatic Leveling System: A Hydrostatic Leveling System (HLS) is
a measurement system that determines height differences between points by
measuring their position with respect to the water level. This provides precise
vertical alignment linked to a reference given by gravity. Development is
focused on next-generation interferometric HLS sensors [16].

Maintaining the same level of performance of the straight line reference systems,
such as the WPS, while extending the length of the reference line, poses a substantial
challenge. Put simply, there is an increased risk of cumulative errors and mechanical
limitations, making the development of scalable, high-precision reference systems a
critical research focus. The detailed limitations of different types of straight-line
reference systems are discussed in detail in the following chapters.

In recent years, nondiffracting optical beams have gained attention and been
explored as tools in various applications due to their unique properties, including
self-regeneration after encountering an obstacle [18], or the ability to propagate along
curved trajectories [19]. They also exhibit increased robustness against diffraction
compared to well-known Gaussian beams (GBs) [20]. The low divergence could
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make the use of pseudo-nondiffracting optical beams a viable option for straight-
line reference systems, as the beams could propagate over long distances without
significantly increasing in size. This would mean that the vital part of the beam can
fit easily on a CMOS or CCD chip, which is used for the detection of the alignment
reference line given by the laser.

This dissertation thesis focuses on the development and implementation of pseudo-
nondiffracting beam technology, namely Structured laser beams (SLBs) and Layer
beams (LBs), for particle accelerator alignment. The thesis aims to bridge the gap
between research advancements in the field of non-diffracting beams, also known as
caustic beams or structured light [21–25], and their practical application in particle
accelerator alignment or in other facilities requiring similar alignment requirements.
The work is motivated by the need to address current limitations of the straight-line
alignment systems and to explore the potential use of structured light in particle
accelerator environments.

The presented research builds on existing frameworks while introducing novel
theoretical investigations and experimental implementations. The main focus is on
beam generation, characterization, and practical application in straight-line refer-
ence systems in order to produce beams with tailored intensity profiles and propaga-
tion characteristics, enabling precise control over their use as an alignment reference.

The results of this research aim to explore and demonstrate the feasibility of using
pseudo-nondiffracting beams for particle accelerator alignment and provide tools
that could help in the future development of alignment systems. They should provide
a foundation for future developments in high-precision metrology and contribute to
the development of a new class of alignment tools.

16



2 Thesis Outline

The theoretical part of this thesis is dedicated to providing a comprehensive foun-
dation in the theory of accelerator alignment and optics to facilitate the reader’s
understanding of the research topic by systematically introducing the principles,
terminology, and limitations of the related technologies. It also connects the infor-
mation presented in the publications within the context of the research as a whole.

The results are presented in a series of thematically interconnected papers, each
published in peer-reviewed journals or in proceedings of international conferences:

• The first paper investigates generating wavefront measurement techniques for
SLBs, based on a single transversal intensity distribution. This technique can
be employed in challenging measurement conditions where traditional wave-
front sensors can be challenging to use.

• The second conference paper discusses problems caused by the refractive index
gradient and fluctuations in the propagation medium. Additionally, it presents
the first experimental and simulation results of the development of detection
methods of the alignment reference coordinates given by SLBs.

• The third paper further deepens the analysis of the developed detection meth-
ods of the alignment reference coordinates given by SLBs and Hollow SLBs.
The results are presented on simulated data.

• The fourth conference paper presents the basic principle behind the generation
of LBs. Additionally, it shows simulated and experimental data of LBs prop-
agating over 140 m. The means of precisely detecting the alignment reference
plane are presented on experimental data.

• The fifth paper explores the optimization of LB’s parameters, such as prop-
agation distance and beam size. This work demonstrates how these beams
can be tailored to meet the specific demands of accelerator alignment, offering
greater flexibility and understanding of the beam generation principle.

• The sixth paper presents practical alignment experiments using LBs, including
the development and optimization of specialized sensors and a comparison with
state-of-the-art alignment methods.

By addressing detection, characterization, optimization, and application, these
publications collectively establish a robust foundation for the use of SLBs and LBs

17



in accelerator alignment. They also present and discuss the challenges that need to
be addressed for the successful development of a future alignment system.
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3 Particle Accelerator Alignment

3.1 Introduction to Geodetic Metrology for Particle
Accelerator Alignment

The Earth’s crust is in constant, uneven motion, which directly impacts the align-
ment stability of CERN’s accelerator infrastructure. Variations in ground stability
are particularly evident in certain areas of the 27 km long LHC tunnel, where an
annual vertical displacement of up to 1.5 mm is observed. Beyond geological factors,
mechanical forces, such as those arising from vacuum-induced stresses, and temper-
ature change, can contribute to component misalignment. These factors can cause
misalignment over time and lead to degradation in the accelerator’s performance.

Geodetic metrology, integrating disciplines like geodesy, surveying, optics, and
mechatronics, plays a crucial role in the accelerator alignment field, guaranteeing
the geometrical accuracy of all accelerator components during all project stages.
During the project design part, a clear alignment strategy is defined with absolute
and relative alignment requirements, error budgets, and the instrumentation and
tools that will be used in achieving these goals. After this, regular monitoring and
maintenance, including re-measurement and re-alignment during technical stops of
the accelerator, are essential to preserve the required geometry of the accelerator
components. These components are aligned in six degrees of freedom: translational
adjustments along the longitudinal, vertical, and horizontal axes, and rotational
corrections for pitch, yaw, and roll [3].

In the following chapter, terminology, concepts, and techniques used to achieve
all of the aforementioned are presented. The reader should get the basic knowl-
edge of the accelerator alignment workflow, facilitating the understanding in the
broader context. Terms, directly connected to the thesis, are presented in greater
detail. Note that for definitions of terms connected specifically to metrology, such
as accuracy, precision, repeatability, or reproducibility, please refer to publications
“ISO Guide to the Expression of Uncertainty in Measurement” [26] or “International
Vocabulary of Metrology – Basic and General Concepts and Associated Terms” [27].

3.1.1 Coordinate Reference Systems and Frames
A Coordinate Reference System (CRS) is the conceptual framework used to

assign spatial coordinates to points in specific locations. It is defined by a set of
rules that describe how coordinates are measured and expressed, including the choice
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Figure 3.1: Illustration of the accelerator alignment workflow and principles.

of axes, units, and coordinate geometry. Additionally, it is defined by a so-called
datum, which specifies the scale, location, and orientation of the coordinate system
on Earth.

A Coordinate Reference Frame (CRF) is the realization of a given CRS, meaning
the physical network of reference points whose coordinates have been determined in
accordance with that CRS definition through observation. In other words, the CRS
is the theoretical definition, and the CRF is its materialization in the form of known
points and their measured coordinates. In the following text, when referring to the
absolute or local geodetic reference of the accelerator, one must keep in mind this
distinction between the CRS and its physical realization, CRF.

The vertical alignment of components of a large particle accelerator in a given
CRS must take into account the variations of the direction of the vertical reference.
A vertical reference surface is based on the geoid, which is defined as an equipotential
surface of Earth’s gravity field. For relatively small accelerators like the SPS, the
geoid can be approximated as a sphere or ellipsoid. For the large accelerators such
as the LHC or FCC, the local variations in Earth’s mass distribution must be taken
into account as they cause the gravity field non-uniformity.

Once the CRS is defined, the initial step in accelerator alignment involves deter-
mining the positions of the reference points within the surface network. This is done
through a combination of satellite navigation, astronomical observations, trigonom-
etry, and leveling. The positions of these reference points are established on the sur-
face of the accelerator site in a well-defined global surface CRS (Fig. 3.1) [3, 28–30].

For underground accelerators, the geodetic reference must be transferred from
the surface to the tunnel. At CERN, the absolute spatial reference is defined by
the CERN Coordinate System (CCS). Absolute positions are then transferred from
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the surface to the underground using access shafts. This transfer of geometry is
performed using a variety of geodetic techniques. Knowledge of the quality and
parameters of transformations between different CRSs is essential. It is directly
linked to uncertainty or error, which directly affects the accuracy of all subsequent
position measurements and component placements [3, 31].

Note that additional local system CRSs can be established as illustrated in
Fig. 3.1. These local CRSs can be established for a single component or among
multiple components. The local CRS can serve as a foundation for the measure-
ments performed using, for example, a straight-line reference system.

3.1.2 Absolute and Relative Accelerator Alignment
One of the main goals in the accelerator alignment field is to maintain a smooth

particle beam trajectory. For this purpose, a theoretical smooth curve is defined,
which serves as an idealized, continuous reference trajectory, representing the large-
scale geometric configuration that all aligned components should follow.

As a first step, the absolute alignment procedure places each accelerator com-
ponent in its theoretical position within the CCS. It is important to recognize that,
in practice, the actual trajectory followed by the particle beam can deviate from
the ideal theoretical design (Fig. 3.1). Such deviations arise because errors accu-
mulate at several stages: when transferring coordinates from the surface to the
underground, during subsequent geometry transfers within the tunnel, and through
multiple smoothing adjustments. The result is that the global absolute positioning
of accelerator components in the CCS is typically done with an accuracy of a few
millimeters. This absolute accuracy is sufficient as long as local relative alignment
precision and smoothness are ensured.

The relative alignment procedure ensures that neighboring accelerator compo-
nents are precisely positioned with respect to each other, hence preserving the
smoothness of the overall beam trajectory even if the global absolute accuracy is
lower. The relative alignment techniques used at LHC achieve the 1 sigma devia-
tion of actual component positions from the smooth reference curve to no more than
0.15 mm within any 150 m long segment [6, 32]. This segment is a so-called sliding
window defined with its own local CRS. The sliding window is systematically shifted
following the theoretical smooth curve, ensuring the smoothness and particle beam
stability along the entire 27 km circumference. This process is known as smoothing.

During the real alignment scenario at LHC, multiple, partially overlapping straight-
line reference alignment systems must be used, instead of relying on a single long
global reference line. Using a single, uninterrupted reference line could, in prin-
ciple, simplify coordinate transformations and reduce cumulative errors associated
with imperfect CRS conversions between the overlapping straight lines. However,
there are limitations to the reference line length of the WPS as discussed in the
chapter 3.2.4 [3].
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3.1.3 Fiducialization
Fiducialization is a technique used for defining and precisely measuring the

spatial relationship between an object’s functional features and external reference
points, using various metrological instruments. For example, in the case of a magnet,
although the magnet axis and the beam pipe are not physically accessible once the
magnet is assembled and mounted, fiducialization enables the precise determination
of their position relative to external physical reference marks, such as laser tracker
targets, which are placed on the magnet housing. These physical reference marks
are known as fiducials. This technique allows for measuring and positioning the
fiducialized component in space while knowing the position of the actual functional
features that affect the particle beam trajectory.

The fiducialization is performed within the local component CRS as illustrated
in Fig. 3.1. Note that the fiducialization process can introduce systematic errors due
to environmental factors such as temperature changes, as well as due to measure-
ment uncertainties associated with the metrological instruments used during this
process [3, 29].

3.1.4 Software
Efficient accelerator alignment relies heavily on advanced software solutions spe-

cialized for different tasks. The data acquisition software is used to capture data
from various measurement instruments. It also incorporates advanced error-checking
algorithms to minimize inaccuracies. The data acquisition software can also be used
to perform coordinate transformations and present results in a chosen CRS [3].
Tsunami is the main software used and developed at CERN for in-field data acquisi-
tion and alignment tasks, providing a unified platform for measurement campaigns
and integration with the alignment CERN database [33].

The acquired data are later analyzed using a specialized software such as the
least squares adjustment software LGC2 (Logiciel Général de Compensation). This
software, also developed at CERN, is used for geodetic computations and position
estimation based on measured data while considering the shape of the geoid in the
calculations [34].

An example of a commercially available software is the Spatial Analyzer. This
software package can be used both for acquiring measurements from a wide range
of metrology instruments and for advanced analysis, including coordinate transfor-
mations, uncertainty calculations, and network adjustments [35].

3.2 State-of-the-Art Metrology Methods and Tools
This chapter describes various state-of-the-art metrology techniques used in ac-

celerator alignment. A detailed examination of the underlying principles behind each
technique provides a theoretical understanding, helping to establish a solid knowl-
edge foundation for the reader. Some of these alignment measurement techniques
were used as a basis for comparison of the results from the pseudo-nondiffracting
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beam-based straight-line reference system presented as a part of this thesis. Note
that some well-established alignment measurement methods, like photogrammetry,
are not described in the following chapter due to their limited relevance to the
context of the thesis.

3.2.1 Coordinate Measuring Machines
Coordinate Measuring Machines (CMMs) are used for the determination of spa-

tial coordinates of the measured object. The core function of a CMM is to measure
the physical geometrical characteristics of an object by sensing discrete points on
the surface of the object with a probe. As the probe contacts or scans the object,
the machine records the X, Y, and Z coordinates of each point. This process creates
a three-dimensional map of the object in a Cartesian coordinate system. The probe
can be a mechanical touch-trigger, optical, or laser-based, depending on the specific
application and required precision.

Note that there are certain limitations to the object size given by the range of the
motion of the specific CMM. Additionally, the measurements need to be performed
in a dedicated laboratory with precisely controlled metrological conditions, such as
temperature [36, 37]. In the context of accelerator alignment, CMMs can be used
for the fiducialization, linking the geometry of the object to the fiducials [38].

3.2.2 Inclinometers
Roll angle measurement involves adjusting the rotation of accelerator components

around the beam axis. The roll angle is typically measured using an inclinometer
placed on a designated roll surface [3].

The principle of inclinometer measurements relies on detecting changes in the
inclination of a measured object. In capacitive inclinometers, a conductive fluid par-
tially fills a sealed chamber containing electrodes. As the inclinometer tilts, the fluid
shifts, altering the capacitance between the electrodes. This change in capacitance is
measured and converted into an angular measurement. Mechanical pendulum-based
inclinometers use the motion of a suspended mass to detect tilt. The measurement
accuracy can vary from the order of microradians to milliradians [6, 13].

3.2.3 Laser Trackers
Laser trackers are used for high precision three-dimensional position measure-

ments of designated targets by combining angular observations with distance mea-
surements. A laser tracker emits a laser beam directed at a target. This target is
a retro-reflector, an optical element designed to reflect the laser light back to its
source, returning incoming rays approximately parallel to their original direction
regardless of the angle of incidence. Absolute distance is measured either by an-
alyzing phase shifts of the reflected light relative to the local reference or by the
time-of-flight principle. Simultaneously, the laser tracker measures the horizontal
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and vertical angles relative to its internal coordinate system using highly sensitive
angular encoders.

By combining these observations, the laser tracker calculates the three-dimensional
position of the retro-reflector with an accuracy that can reach below 10 µm for dis-
tances up to a few meters. The accuracy of the measurement decreases with the
distance from the laser tracker to the retro-reflector due to atmospheric disturbances
and cumulative errors in angular measurements. For distances around 100m, the
accuracy reached is around 500 µm. Note that laser trackers can be linked to gravity
via an integrated inclinometer [3, 39].

3.2.4 Straight-Line Reference Systems
Straight-line reference alignment systems measure deviations of accelerator com-

ponents from a defined reference line. This is illustrated in Fig. 3.1. These systems
consist of three core elements: the alignment reference (e.g., stretched wire), fiducials
placed on the aligned components, and sensors measuring offsets from the reference.
The spatial relationship between the sensors and fiducials is established through a
fiducialization.

Wire Positioning and Hydrostatic Leveling Systems

The WPS is a state-of-the-art straight-line reference system used at accelerator
facilities around the world, including Fermilab [40, 41], Stanford Linear Accelerator
Center (SLAC) [42] and CERN [32]. The WPS utilizes a conductive wire as the
reference line. The capacitive or optical sensors measure a horizontal and vertical
offset relative to the wire. The three-ball-mount interface is one of the kinematic
mount designs used at CERN as a support for the sensors, such as the ones used for
WPS [3, 43]. This interface consists of three precision spheres with known diame-
ters, typically made of hardened steel or ceramic, arranged in an equilateral triangle
pattern. This pattern creates a highly repeatable and stable connection while con-
straining all six degrees of freedom. This design allows for precise repositioning after
removing and returning the sensor with repeatability in the micrometer range [44].

The HLS utilizes interconnected vessels filled with water. Capacitive, ultrasonic,
or optical sensors are used to measure the distance to the water surface, providing
vertical reference measurements linked to gravity. The HLS is not a straight-line
reference method, however, it complements WPS by enabling precise wire catenary
modeling relative to the geoid for vertical offset measurements [13, 16].

Modern accelerators require the straight-line reference systems to achieve accu-
racy and repeatability on the level of hundreds to tens of micrometers over sliding
windows spanning hundreds of meters [3, 45]. Combined, the WPS and HLS achieve
5 µm accuracy in the local CRS [32]. Despite their accuracy, these systems face some
limitations. The fragile reference wire is prone to mechanical damage and can have
only a certain length due to breaking under its own weight. HLS measurements
remain strictly vertical, requiring integration with WPS data for multi-axis posi-
tioning. Both of the systems are also affected by gravity. While this can be lever-
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aged in some applications, an idealized straight reference line defined geometrically
rather than by gravity is preferred to enforce local smoothness of particle accelerator
components. This arises because particle accelerators are typically designed with
components aligned to a theoretical geometric plane or a line, rather than to a curve
dictated by gravity.

Optical-Based Straight-Line Reference Systems

Optical straight-line reference systems present a promising solution to overcome
the problems of fragile wire and the alignment reference length limitation. They are
also independent of gravity. The underlying principles of these systems typically
involve using an optical reference line and different detection principles to measure
offsets from this line. Various optical methods have been developed in accelerator
facilities around the world:

• Gaussian beam based: Gaussian beam, as one of the fundamental laser
modes, has been considered for creating an alignment reference. The use of
Gaussian beams for alignment was explored at CERN, where it was shown
that the measurement accuracy and precision are mainly limited by atmo-
spheric fluctuations, causing refractive index variations along the beam path.
The study also emphasizes the importance of precise beam collimation to re-
duce divergence, facilitating alignment reference detection [9]. Additionally, a
LAMBDA sensor was developed for the proposed linear accelerator CLIC at
CERN. This system projects a GB through a vacuum onto a movable plate,
with the beam center detected using image processing techniques. Note that
the LAMBDA sensor was never deployed as part of a complete alignment
system [46].

• Rasnik system: The Rasnik system is based on projecting a diffraction pat-
tern onto a CCD detector. The relative displacement of the projected image
provides sensitivity to transverse shifts of the system’s components. Different
variants were developed for particle physics experiments: the 4QD-Rasnik for
LEP [47], the CCD-Rasnik for ATLAS [48], and later Rasdif [49], which re-
places the lens with a diffraction plate and the mask with a monochromatic
divergent light source, making alignment feasible over long distances of hun-
dreds of meters without requiring impractically large optics.

• Airy diffraction pattern based: When a light travels through a circular
aperture, diffraction effects lead to the creation of an Airy diffraction pattern,
leading to a well-defined pattern that can serve as an alignment reference and
is relatively simple to analyze. SPring-8 [50] and KEK [51, 52] employed an
iris diaphragm laser alignment system based on this principle. This technique
requires precise aperture geometry and alignment to produce a symmetrical
pattern.

• Fresnel zone plates: Utilizing slits as diffraction elements to focus the laser
beam onto a specific point can reduce the divergence. For instance, the SLAC
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laboratory employed Fresnel plates for accelerator alignment [53]. Similarly,
the High Energy Accelerator Research Organization in Japan (KEK) [54] and
China Spallation Neutron Source (CSNS) [55] implemented similar systems.
However, focusing the beam necessitates precise alignment of the optical ele-
ments. Sensitivity to the longitudinal misalignment can affect the sharpness
and shape of the spot, hence the accuracy of the reference detection.

• Poisson spot: When a plane wave illuminates a sphere, the spherical ob-
struction causes diffraction effects that result in a characteristic Poisson spot,
a bright diffraction point with an intensity profile described by a Bessel func-
tion. This spot arises from the symmetry of the sphere, causing all diffracted
light waves to interfere constructively at the optical axis. The Poisson spot can
be used as a stable optical reference with a predictably narrow diameter that
scales with propagation distance and sphere size. This method was used at
Advanced Photon Source (APS) [56], SLAC [57], and Deutsches Elektronen-
Synchrotron (DESY) [58, 59]. This approach allows for monitoring multiple
objects simultaneously with a single detector, enhancing efficiency.

While optical straight-line reference systems offer many advantages, they also
face significant challenges. The first drawback is divergence of the optical reference,
which becomes increasingly problematic over long distances. As the light propa-
gates, it naturally spreads out due to diffraction, leading to a loss of precision in
position measurements. This is particularly evident in systems using GBs such as
the LAMBDA sensor, where the spot size can grow significantly over hundreds of
meters, leading to a low-intensity variation in the pattern and difficulty in detecting
the reference with high enough precision. Furthermore, the LAMBDA sensor needs
to operate as a shutter system. This means that the mechanical shutter needs to
cover the GB and prevent it from propagating further, to be able to measure the
reference position. Due to this reason, only one sensor at a time can measure the
beam, because the signal is covered by the sensors at a greater distance from the
laser source. This leads to a drawback, that any small movement of the reference
line, while measurements are being taken, can affect the accuracy, as measurements
cannot be captured instantaneously [46, 60]. These challenges could be solved using
pseudo-nondiffracting beams, more specifically LBs, as will become evident in the
following chapters.

Another major challenge is the susceptibility of the optical reference to refrac-
tive index gradient and fluctuation due to the instability of the propagation medium.
Even small variations in air temperature or pressure can cause the optical reference
to deviate from a straight path [9, 49, 60–62]. This effect becomes more pronounced
over longer distances and can introduce significant errors in alignment measure-
ments. To mitigate this, a beam can propagate in a vacuum pipe, but this adds
complexity and cost to the setup [49, 51, 52, 60]. Reflections inside the vacuum
pipe may cause interference effects, resulting in a reduced signal-to-noise ratio of
the optical pattern, which can compromise the detection of the alignment reference.
To reduce this effect, apertures that block reflections along with a non-reflective
coating of the pipe can be employed [49, 63].

26



4 Foundations of Electromagnetic, Scalar
and Ray Optics

The following chapter introduces key concepts from electromagnetic theory and
optics, which are necessary for the understanding of terms and principles used while
describing optical phenomena in this thesis. These foundations provide the essen-
tial connection between electromagnetism, scalar diffraction theory, and ray optics,
creating a coherent framework that allows the reader to understand the underlying
principles that are used to describe SLBs and LBs.

4.1 Maxwell Equations
Maxwell’s equations form the foundation of electromagnetism and optics. These

equations provide a mathematical model for describing how electric and magnetic
fields are generated and interact with each other, as well as with electric charges
and currents. They can be expressed in either integral or differential mathematically
equivalent form [64, 65].

4.1.1 Gauss’s Laws
Gauss’s law for electricity states that the total electric flux through a closed

surface depends only on the net charge enclosed. Electric field lines are defined to
point away from positive charges and toward negative charges. Hence, there can
be a net positive or negative charge, implying that electric monopoles do exist. On
the other hand, magnetic field lines in their definition always form closed loops, and
every line that enters a surface must also exit it. In other words, it describes the
fact that isolated magnetic monopoles do not exist. The integral forms are given as:∮

S
E · dS =

Q

ε0
, (4.1)∮

S
B · dS = 0. (4.2)

In the equations E is the electric field, S is the area vector, Q is the enclosed
electric charge within S, ε0 is the vacuum permittivity, and B is the magnetic
field [64, 65].
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4.1.2 Faraday’s Law
If a coil of wire is connected to a galvanometer, the needle of the galvanometer is

deflected when a magnet is moved back and forth from the coil, indicating an induced
current. The direction and magnitude of the current depend on the direction and
speed of the magnet’s motion.

In other words, Faraday’s law describes how a time-varying magnetic field in-
duces an electric field. The integral form is given as:∮

l
E · dl = − ∂

∂t

∫
S

B · dS, (4.3)

where dl is the length element along the closed curve and t is time [64, 65].

4.1.3 Ampère-Maxwell’s Law
If a current passes through a straight vertical wire, magnets placed around the

wire align tangentially in a circular pattern centered on the wire. This demonstrates
that there is a magnetic field created by the current.

This illustrates the core principle of Ampère’s law, which relates the magnetic
field around the wire to the electric current passing through it. The integral form
is given as: ∮

C
B · dl =

∫
S

(µ0J + µ0ε0
∂E
∂t

)dS (4.4)

where µ0 is the vacuum permeability, and J is the current density [64, 65].

4.1.4 Differential Form of Maxwell’s Equations
Maxwell’s equations are often written in differential forms using vector calculus.

These can be derived from their integral forms using the divergence theorem and
Stokes’ theorem:

∇ · E =
ρ

ε0
, (Gauss’s law for electricity) (4.5)

∇ · B = 0, (Gauss’s law for magnetism) (4.6)

∇× E = −∂B
∂t
, (Faraday’s law) (4.7)

∇× B = µ0J + µ0ε0
∂E
∂t
. (Ampère-Maxwell law) (4.8)

In the equations, ρ is defined as the electric charge density [64, 65].
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4.2 Wave and Helmholtz Equations

4.2.1 Wave Equation
The wave equation is a second-order linear partial differential equation that de-

scribes how waves move through space and time. The wave equation can be derived
from Maxwell’s equations for electromagnetic waves propagating in a linear, homo-
geneous, isotropic, and non-dispersive medium with no free currents and charges
(J = 0, ρ = 0). Taking the curl of Faraday’s law and substituting ∇ × B from
Ampère-Maxwell’s law yields:

∇× (∇× E) = − ∂

∂t
(∇× B) = µ0ε0

∂2E
∂t2

. (4.9)

Using the vector identity ∇ × (∇ × E) = ∇(∇ · E) − ∇2E, while substituting
∇ · E = 0, a wave equation can be derived as:

∇2E − µ0ε0
∂2E
∂t2

= 0. (4.10)

A plane wave, infinite in space and time, represents a monochromatic wave with
a uniform phase front and is one of the fundamental solutions of the wave equation:

E(r, t) = E0e
i(k·r−ωt+ϕ). (4.11)

In this expression, the term Φ = k · r− ωt+ ϕ represents the phase of the wave,
where |k| = 2π

λ
is the wave vector, λ is the wavelength, r is the position vector, ω is

the angular frequency and ϕ is the phase constant. Wavefront is defined as a surface
of a constant phase. The plane wave is propagating in the direction of k, with E0

as its amplitude [64, 65].

4.2.2 Helmholtz Equation
The Helmholtz equation is a second-order partial differential equation that de-

scribes how waves propagate in space. We can assume a harmonic time dependence
of the electric field:

E(r, t) = E(r)eiωt, (4.12)

where E(r) represents the spatial variation of the field, and e−iωt captures the
harmonic behavior in time. Substituting the time-harmonic field E(r, t) = E(r)eiωt
into the wave equation (Eq. 4.10) gives the Helmholtz equation:

∇2E(r) + k2E(r) = 0, (4.13)

with wavenumber k = ω
c
, where c is the speed of light. A similar equation holds

for the magnetic field. This approach simplifies solving for spatial field distributions
without explicitly dealing with time dependence. If we assume a solution of the
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Helmholtz equation for a specific case of a plane electromagnetic wave propagating
in a direction given by the vector k we obtain:

k × E = ωB,
k × B = −ε0µ0ωE.

(4.14)

The equations demonstrate that the vectors E, H, and k form a right-handed
system, which is a fundamental property of electromagnetic waves. In this config-
uration, the electric and magnetic fields are mutually perpendicular to each other
and to the direction of wave propagation. The mutual induction of electric and
magnetic fields described by Maxwell’s equations allows electromagnetic waves to
propagate. The changing fields continuously regenerate each other while maintain-
ing their transverse nature relative to the propagation direction, meaning the wave
is self-sustaining as it propagates [64, 65].

4.2.3 Paraxial Helmholtz Equation
The paraxial approximation assumes that the wave field primarily propagates

nearly parallel to the optical axis. It can be used for further simplification of the
Helmholtz equation. The vector components of the E field are a mutually uncoupled
system, and each of these components is a solution to a scalar Helmholtz equation.
Hence, the solution can be represented by a scalar function u(x, y, z), and the scalar
Helmholtz equation takes the form:

∇2u− k2u = 0. (4.15)

We assume the solution that takes the form of a spatially confined scalar wave
propagating in the z-direction u(x, y, z) = U(x, y, z)e−ikz, where the field amplitude
varies slowly along the propagation direction, hence ∂2U

∂z2
<< 2k ∂U

∂z
. By substituting

into Eq. 4.15 we get the paraxial Helmholtz equation:

∇2
TU − 2ik

∂U

∂z
= 0, (4.16)

where ∇2
T is the transverse Laplacian. This approximation holds for angles close

to the optical axis, ensuring small beam divergence and wavefront curvature [64, 65].

4.3 Polarization of Electromagnetic Waves
Polarization describes the orientation of the electric field vector as the wave

propagates. While the general concept of polarization applies to any transverse
wave, in optics it is conventional to define polarization specifically in terms of the
electric field vector E. The vector field can be described in the orthogonal coordinate
system using its transversal components. When we assume that these components
can have a different value of phase, we can write:
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Ex = Ex0 cos(Φ),
Ey = Ey0 cos(Φ + δ),

(4.17)

where δ is the phase difference between the x and y components. The polarization
state of the electric field vector is determined by the amplitudes Ex0, Ey0, and
the phase difference δ. The tip of the electric field vector traces an ellipse in the
transverse plane that can be described using the equation:(

Ex

Ex0

)2

− 2
Ex

Ex0

Ey

Ey0

cos δ +
(
Ey

Ey0

)2

= sin2 δ. (4.18)

The equation describes different polarization states. If δ = 0, π, the polarization
is linear. For the situation of Ex0 = Ey0 and δ = ±π/2 the polarization is circular.
All other cases result in the most general case, which is the elliptical polarization [64,
65].

4.4 Scalar Diffraction Theory
Scalar diffraction theory is used to analyze light propagation phenomena while

simplifying the problem by treating electromagnetic waves as scalar fields. There-
fore, it does not account for the vector nature of light and neglects polarization,
electromagnetic field interactions, and effects that arise in materials or structures
with dimensions comparable to the wavelength. However, it accounts for the wave
nature of light.

Scalar theory can be used to describe how light behaves when it travels through
an aperture. However, with several additional simplifying conditions. The region
outside the aperture is assumed to be perfectly opaque and infinitely thin, so the
field is set to zero everywhere on the screen except at the aperture. Due to the non-
homogeneity of the propagation medium on the edges of the aperture, the aperture
size must be significantly larger than the wavelength of the light. Also, the diffraction
pattern behind the aperture needs to be observed at a distance which is significantly
longer than the wavelength [64, 65].

4.4.1 Fourier Optics
Fourier optics describes wave propagation through space using the principles of

Fourier analysis, the theory of linear systems, and the principle of superposition.
The principle of superposition states that any linear combination of solutions to a
linear equation is also a solution. The wave and Helmholtz equations are linear,
which means that a complicated optical field can be broken down into a set of plane
waves, each with a different phase, amplitude, and direction. This allows one to
find the solution for the propagation of this field, for example, in space, by simply
solving the propagation for each of the plane waves individually and later combining
them. This approach can be useful for solving complex problems.
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The Fourier transformation is first used to decompose a scalar field a(x, y, z),
which is a solution to a scalar Helmholtz equation, into its harmonic components.
Mathematically, it is given by:

FT {a(x, y, z)} = A(fx, fy, z) =

∫ ∫ ∞

−∞
a(x, y, z)e2πi(fxx+fyy) dx dy, (4.19)

where fx = x
λz

and fy = y
λz

are the spatial frequencies in the x and y directions,
respectively.

The impulse response refers to the output of a system when presented with an
impulse, such as a point source in the case of an optical system, as the input. It
fully characterizes the system’s behavior, allowing the propagation of any arbitrary
input field to be determined through convolution with this impulse response. To
find the form of the field a(x, y, z) that propagates in free space from the zero plane
to a plane in the given distance z, we need to know the impulse response of the
free space. Assuming that the system is spatially invariant, this process can be
mathematically described in the frequency domain using the equation:

A(fx, fy, z) = A(fx, fy, 0)H(fx, fy, z), (4.20)

where H(fx, fy, z) is a so-called free-space transfer function and takes the form:

H(fx, fy, z) ≈ e
−ikz

√
1−λ2f2

x−λ2f2
y . (4.21)

Note that the condition
√
f 2
x + f 2

y <
1
λ

must be fulfilled [64, 65].

4.4.2 Diffraction Integral
The Huygens principle forms the conceptual basis for the diffraction integral,

which is used to calculate how a complex field propagates in space. The Huygens
principle states that every point on a wavefront acts as a source of secondary spher-
ical waves. The superposition of these secondary waves forms the new wavefront.
To formulate the diffraction integral, imagine a situation where a point source O is
emitting a spherical wavefront incident upon an aperture. The complex field V (P )
at an observation point P , located beyond the aperture, is then given by the super-
position of all secondary waves emanating from each point of the aperture. It can
be expressed as a superposition integral over the aperture A:

V (P ) =
x

A

K(χ)
eik(r0+r)

r0r1
U(R)dA, (4.22)

where U(R) is the complex amplitude at a point R, which is located in the aper-
ture plane and lies on the original wavefront, which was emitted by point source O,
r0 represents the distances from the point source O to the point R, r1 represents
the distance from R to the observation point P , and K(χ) is the inclination fac-
tor. The inclination factor accounts for the angular dependence of the secondary
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spherical wave’s amplitude and plays a critical role in the accurate description of
the diffraction behavior.

The diffraction integral was derived using different mathematical principles by
Fresnel, Kirchhoff, Sommerfeld, and others. Each of these derivations leads to a
different form of the inclination factor. Under paraxial approximation, spherical
wavefronts can be approximated as parabolic wavefronts, simplifying the analysis
near the optical axis. In this case, the inclination factor can be approximated as
unity. This approximation is known as the Fresnel approximation and applies to a
so-called near-zone. The diffraction integral can then be written as:

a(x, y, z) ≈ i

λz
e−i π

λz
(x2+y2)

∞x

−∞

a(x̄, ȳ, 0) e−i π
λz

(x̄2+ȳ2)e2πi
(
x̄ x
λz

+ȳ y
λz

)
dx̄dȳ. (4.23)

When the propagation distance becomes much larger, all secondary spherical
waves can be approximated by plane waves. This arises because the wavefront cur-
vature in the paraxial area becomes negligible. This leads to a so-called Fraunhofer
approximation, which holds for the so-called far-zone. The distinction between the
Fresnel and Fraunhofer diffraction zones is defined by the Fresnel number Fn = a2

λz
,

with a being the aperture radius. The distinction holds for Fn < 0.5 as the quadratic
phase term in Eq. 4.23 becomes e−i π

λz
(x̄2+ȳ2) ≈ 1. The diffraction integral simplifies

as:

a(x, y, z) ≈ i

λz
e−i π

λz
(x2+y2)

∞x

−∞

a(x̄, ȳ, 0) e2πi
(
x̄ x
λz

+ȳ y
λz

)
dx̄dȳ, (4.24)

where the integral is a two-dimensional Fourier transformation:

A(fx, fy) = FT {a(x̄, ȳ)} =
x

a(x̄, ȳ)e2πi(kxx̄+ky ȳ)dx̄dȳ, (4.25)

and therefore:

a(x, y, z) ≈ i

λz
e−i π

λz
(x2+y2)A

( x

λz
,
y

λz

)
. (4.26)

This form demonstrates that the observed field distribution in the far-field is
given by the Fourier transformation of the initial aperture field [64, 65].

4.5 Ray optics
Ray optics, also known as geometrical optics, is a simplification of wave optics

that models light as rays traveling in straight lines, representing the direction of
energy flow. This approximation is valid when the wavelength of light is much
smaller than the dimensions of the structures it interacts with, allowing complex
wave phenomena like diffraction and interference to be neglected. By treating light
as rays, the analysis of optical systems becomes more intuitive, focusing primarily
on refraction, reflection, and propagation paths through different media.
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4.5.1 Eikonal Equation
Eikonal equation provides the link between wave and ray optics. We assume a

non-homogeneous medium, where the permittivity, hence the refractive index, is a
function of space. Assuming that the permittivity changes slowly in space (|∇ε|λ <<
1), we can apply the scalar Helmholtz equation to describe a wave traveling in this
medium with the solution written as:

u(x, y, z) = V (x, y, z)eiS(x,y,z), (4.27)

where S(x, y, z) is the so-called Eikonal describing the spatial distribution of
phase. Assuming the wavelength approaches zero (short-wavelength limit), the so-
lution yields the Eikonal equation:

|∇S|2 = n2. (4.28)

The short-wavelength limit implies that diffraction effects are negligible, as the
light is assumed to travel in straight lines and is fully blocked by obstacles. This
approximation leads to ray optics.

The gradient of the Eikonal (∇S) represents the direction of the steepest change
of the phase. The steepest change of the phase is by definition in the direction of the
propagation, which is represented by rays. Wavefront is a surface with a constant
phase, therefore, the direction of the steepest change implies the perpendicularity
of the rays to the wavefront [64, 65].

4.5.2 Snell’s Law
Snell’s law governs the refraction of light at the interface between two media with

different refractive indices n1 and n2. It can be derived by analyzing the boundary
conditions imposed by Maxwell’s equations on electromagnetic waves crossing the
interface. These conditions ensure the continuity of the tangential components of
the electric and magnetic fields along the interface between two media, therefore:

(E2 − E1)× n̂ = 0,

(H2 − H1)× n̂ = J,
(4.29)

where n̂ is the unit normal vector to the interface. Assume a plane wave E1
incident on the interface together with reflected plane wave E ′

1 and refracted plane
wave E2. The continuity of the tangential component of E and H directly implies
phase continuity. Hence, at the boundary, the tangential components of the wave
vectors of these plane waves must be continuous. This means that Snell’s law can
be written as:

(k2 − k1)× n̂ = 0,

(k′
1 − k1)× n̂ = 0.

(4.30)

Snell’s law can also be written in the form of:
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n1 sin β1 = n2 sin β2, (4.31)

where β1 and β2 are corresponding angles of incidence and refraction. Snell’s law
can be effectively used for tracing rays through optical elements [64, 65].
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5 Introduction to Optical Beams

Optical beams are spatially localized solutions of the wave or Helmholtz equation
that propagate with a well-defined spatial profile. By tailoring their amplitude,
phase, or polarization, beams can be engineered to exhibit unique properties such
as low divergence, self-healing, or curved trajectories. This chapter introduces the
concept of Gaussian and various types of non-diffracting beams.

5.1 Gaussian Beams
GBs are one of the most well-known solutions of the paraxial Helmholtz equation:

u(x, y, z) = U0
w0

w(z)
e
−x2+y2

w2(z) e
−i

(
kz+

k(x2+y2)
2R(z)

−ζ(z)

)
, (5.1)

where w(z) is the beam waist radius, describing the beam’s width as a function
of distance z, w0 is the minimum beam waist located at the beam focus, R(z) is the
radius of wavefront curvature and ζ(z) = atan( z

z0
) is the Gouy phase, representing

an additional phase shift induced as the beam propagates. GBs are characterized
by their Gaussian intensity profile. The evolution of the beam waist radius w(z) is
described by the equation:

w(z) = w0

√
1 +

(
z

zR

)2

. (5.2)

where zR =
πw2

0

λ
is the Rayleigh length. The divergence angle is governed by the

equation:

Figure 5.1: GB’s longitudinal profile, together with the transversal profile taken in
4 m accompanied by a diametral line intensity profile.

36



θ =
λ

πw0

. (5.3)

The beam waist w(zR) =
√
2(w0). Hence, the beam remains relatively collimated

with a negligible divergence for distances shorter than zR. For longer distances, the
beam diverges linearly, reducing the intensity quadratically. This causes a signifi-
cant drawback for long-distance alignment applications, caused by the reduction in
intensity contrast due to the divergence of the beam waist, which can cause compli-
cations when detecting the alignment reference position [46]. The beam divergence
can be reduced by increasing the size of the beam waist. A focused GB with a
w0 = 4 mm located in 50 m can be seen in Fig. 5.1 [64, 65].

5.2 Non-Diffracting Beams
Non-Diffracting beams [24], or in other words, caustic beams [23], or structured

light [22], are a class of optical beams that exhibit unique propagation properties.
Unlike GBs, caustic beams are defined by regions of overlapping rays that form
areas with high intensity and low intensity caused by interference. The regions
with high intensity are known as caustics. When experimentally realized, these
beams maintain their intensity profiles over extended propagation distances, showing
pseudo-nondiffracting behavior and self-healing capabilities.

The theoretical foundation of caustics lies in catastrophe theory, which describes
singularities in systems governed by nonlinear potential functions. The potential
function Pn(b, s) is expressed as [66, 67]:

Pn(b, s) = sn +
n−2∑
j=1

bjs
j

b0j
. (5.4)

where s represents the state variable, and bj are control parameters that influ-
ence the system’s behavior and b0j is the normalization factor. Different orders of
catastrophes correspond to specific types of optical beams:

• n = 3, corresponds to fold-type catastrophe and is associated with Airy
beams [68, 69],

• n = 4, cusp-type catastrophes arise, giving rise to Pearcey beams [70],

• n = 5 and higher orders lead to more complex structures like Swallowtail
beams [71].

Ray theory predicts the infinite intensities at caustics. Hence, the diffraction
catastrophe integral must be used to describe the interference effects that occur
in the ray overlapping regions. The diffraction catastrophe integral is a solution
to the paraxial Helmholtz equation. It incorporates interference effects by adding
contributions from all possible ray paths. It involves expressing the complex field
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as an integral over a potential function. The principle of the stationary phase is
applied to approximate contributions from stationary points of Pn, corresponding
to ray paths. This leads to an integral form [66, 67]:

Cn(b) =
∫ ∞

−∞
exp [iPn(b, s)] ds, (5.5)

Catastrophe theory predicts that caustics arise at points where Pn is stationary
in s, hence where ∂Pn/∂s = 0, manifesting as high-intensity regions of the optical
field [23].

For the context of this thesis, it is essential to note that wavefronts can be
interpreted as generating functions for light rays. The geometry of a wavefront
determines how rays propagate and overlap to form caustics.

One of the most common ways of generating caustic beams is to encode their
angular spectrum onto a spatial light modulator (SLM) [69–73]. The encoded spec-
trum is placed in the front focal plane of a convex lens. This lens performs a Fourier
transformation of the spectrum, reconstructing the spatial profile of the beam in
the back focal plane. Other means of generation can utilize specialized components
such as phase plates or diffraction elements [74–83].

5.2.1 Airy Beams
Airy beams (AiBs) were one of the first experimentally realized caustic beams

that opened the doors for future research in this field [68]. AiBs exhibit unique
properties such as a parabolic trajectory and resilience to diffraction. The Airy
function is related to the catastrophe diffraction integral and potential function
with n = 3. The Airy integral can be defined as [23, 66, 67]:

C3(b) = Ai(x) =

∫ ∞

−∞
exp

(
i
(
s3 + xs

))
ds, (5.6)

The angular spectrum of the AiB at the initial state of propagation is charac-
terized by the cubic phase term. For the experimental realization of the AiB, its
angular spectrum must be modified to include a Gaussian amplitude, resulting in
what is commonly referred to as an Airy-Gaussian beam. This modification en-
sures that the beam has finite energy, as the ideal AiB has infinite energy, which is
physically unrealizable [69].

Dual Airy beams (DABs) extend the traditional AiB concept, offering enhanced
control over beam propagation and novel properties. DABs are composed of two
symmetrical AiBs that accelerate mutually in opposite directions, exhibiting a re-
flectional symmetry of the transverse intensity pattern [84]. Similar to the DABs,
Symmetric Airy beams (SABs) arise from symmetrizing the spectral cubic phase
of an AiB, creating two AiBs with opposite accelerating directions [72]. DABs and
SABs initially propagate with a single central lobe that autofocuses and then col-
lapses as the beam propagates further.

Radially symmetric AiBs, known also as Circular Airy beams (CABs), represent
a cylindrically symmetric AiBs that exhibit abrupt autofocusing properties. These
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beams are generated by extending the one-dimensional Airy function to cylindrical
coordinates, resulting in a circularly symmetric intensity pattern with a bright core
and concentric rings [85–88]. The key characteristic of CABs is their ability to
concentrate energy into a small, high-intensity focal spot that forms after a certain
propagation distance, while the intensity remains low up to that point. This makes
them ideal for applications like ablation [86], or manipulation of small particles [89].

5.2.2 Bessel Beams
Bessel beams (BBs) are a class of optical beams whose transversal intensity

profile consists of a bright central core surrounded by concentric rings, as in the
case of CABs. However, the intensity profile of a BB does not spread out or change
as the beam propagates. BBs are the solution to the non-paraxial scalar Helmholtz
equation in cylindrical coordinates, where x = rcos(α), y = rsin(α). The solution
for a zero-order BB can be expressed as [25]:

v(r, α, z) = V0J0(kT r)e
−ikzz, (5.7)

where J0(kT r) is the zeroth-order Bessel function of the first kind, describing the
radial intensity distribution. The kT = ksin(θ0) and kz = kcos(θ0) are the wavevec-
tor components. The properties of the beam arise from the constructive interference
of plane waves traveling at an angle θ0 to the z-axis (the beam propagation axis).
The number and spacing of the concentric rings surrounding the central core are
directly related to the transverse wavevector kT . A larger kT results in a smaller
central core diameter and more closely spaced rings, while a smaller kT produces a
broader central core and fewer, more widely spaced rings.

BBs can be experimentally realized using axicons (conical lenses) [90]. This
means of generation intuitively leads to the connection to caustics by considering
the fact that the different parts of the beam overlap to generate the beam, due
to the conical shape of the axicon. Note that there are also several other ways of
generating BBs, using, for example, diffractive optical elements [91], or SLMs [92].

BBs offer some advantages for alignment applications and have been used for
alignment [93–96]. Unlike GBs, the central core of a BB remains narrow and well-
defined. This minimizes errors caused by beam spreading, which can lead to lower
precision in the detection of the reference position.

Despite these advantages, the main drawback of BBs is a problematic exper-
imental realization over propagation distances of hundreds of meters. Ideal BBs
would require infinite spatial dimensions and are therefore not physically realizable.
The experimentally generated ones propagate without significant spreading only
over a limited range. Note that there have been several proposals for long-distance
BBs propagation that, to our best knowledge, have not been experimentally veri-
fied [97–99].
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5.2.3 Pin Beams
In recent years, so-called Pin beams (PBs) are getting a lot of attention, as they

represent a distinctive class of pseudo-nondiffracting beams characterized by their
ability to maintain structural profile over propagation distances of kilometers [100].

The generation principle of PBs is similar to that of CABs. It relies on assembling
multiple AiBs in a circular configuration, individually engineered to accelerate along
a trajectory that bends toward the common central axis, where each pair bends
toward the center from opposite directions [100]. The unique geometric arrangement
creates an autofocusing effect that enables the beam to exhibit pseudo-nondiffractive
properties over long distances through the cancellation of transverse wavevectors.

PBs were experimentally generated using a single transparent phase mask [100]
and by programming an SLM to imprint the required angular phase profile on a
collimated laser beam [101]. The phase mask is designed so that the outgoing
wavefront mimics the composite of cubic-phase Airy segments distributed around a
circle.

The primary advantages of the PBs include their robust propagation through at-
mospheric turbulence over kilometer distances, significantly outperforming conven-
tional Gaussian beams in terms of shape preservation and resistance to diffraction,
making them particularly valuable for free-space optical communication [100, 102].
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6 Structured Laser Beams and Layer
Beams

SLBs and LBs are part of the class of pseudo-nondiffracting beams. They can,
in theory, propagate indefinitely while preserving their structured intensity patterns
and exhibiting very low divergence of certain parts of the beam, overcoming the
limitation of BBs. Specifically, in the context of SLBs, the divergence of the inner
core for a specific generator configuration is equal to 10 µrad [45, 61, 62]. This
property, which results in a confined inner core and structured pattern over the whole
propagating distance, greatly facilitates the detection of the alignment reference,
overcoming the detection problems caused by the divergence of GBs. This can be
clearly seen by comparing Figs. 5.1 and 6.2c, as the inner core of the SLB can be
significantly smaller along the whole propagation path of the beam.

6.1 Generating Principle and Beam Properties
Careful manipulation of optical aberrations allows one to induce a specific phase

delay and to engineer a generating wavefront, which enables the production of var-
ious types of caustic beams. The nature of the beams is determined by the shape
of the generating wavefront [103–109]. This technique introduces the underlying
principle behind the generation of SLBs and LBs, which can provide a cost-effective
means of beam generation using, for example, inexpensive off-the-shelf lenses. This
would be particularly beneficial for the optical-based straight-line alignment sys-
tems, when a large number of these systems need to be deployed in the vast area of
a particle accelerator such as the FCC.

An SLB generator can be constructed using two plano-convex lenses placed one
after the other. The first lens, the so-called phase lens, is followed by a second lens,
referred to as the projection lens (Fig. 6.1). To generate an SLB that propagates to
infinity, the distance between the lens-facing surfaces LPL must fall within a specific
interval of distances which depends on the generator parameters. When this con-
dition is met and the generator is illuminated by linearly polarized laser light, the
generating wavefront takes a distinctive “Sombrero-like” shape and has the diametral
line-profile of the generating wavefront with two local minima and one local maxi-
mum. This leads to the formation of an SLB with an intense inner core, surrounded
by concentric rings and ending with an outer ring (Figs. 6.2a, 6.2b, and 6.2c). The
generating wavefront has rotational symmetry and is described by [45, 110]:
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Figure 6.1: Optical setup of an SLB generator consisting of phase and projection
lenses.

W (r, α) = W (r) = K1r
2 +

∞∑
m=1

K(m+1)r
2(m+1), (6.1)

where r is the radial coordinate, α is the azimuthal angle, the term with the
squared power K1 relates to defocus, and higher-order even terms correspond to
different orders of spherical aberration.

So-called Hollow SLB (HSLB) can be generated by illuminating an SLB gener-
ator using beams exhibiting non-classical polarization states. When using radially
polarized input beams, the resulting HSLB contains a dark central core with longitu-
dinal electric field components and vanishing magnetic fields. The HLSB generated
using the radially polarized light is shown in Fig. 6.2d. Conversely, azimuthal po-
larization of an input beam produces HSLBs with dominant longitudinal magnetic
fields in the dark core region. Intermediate spiral polarization states create HSLBs
with mixed longitudinal electric and magnetic field components in the central dark
region based on the proximity of the input spiral beam to the azimuthal or radial
polarization. This polarization-dependent generation mechanism arises from the
interaction between the beam’s angular momentum and the optical aberrations in-
troduced by the generator’s phase elements, producing destructive interference in
the beam’s central region [111–113].

In the case of LBs, cylindrical lenses can be used to generate the beam. This
modifies the symmetry of the wavefront as illustrated in Fig. 1 of the paper in the
chapter 7.5 [114]. The resulting beam has no inner core or concentric rings. However,
the beam manifests as parallel lines in the transverse intensity profile, while changing
the shape of the outer ring to the outer line (Fig. 6.2e). The generating wavefront of
LBs remains consistent along one axis (e.g., y-axis), with its profile given by [114]:

W (x, y) = W (x) = K1x
2 +

∞∑
m=1

K(m+1)x
2(m+1), (6.2)

where x is the transverse coordinate. This equation ensures uniformity along y,
resulting in parallel lines in the transverse intensity distribution. Note that addi-
tional lenses can be added to prolong the lines in the transversal intensity profile
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(a)

(b)

(c)

(d)

(e)

Figure 6.2: Each figure follows the same layout, from left: Generating wavefront
diametral line-profile, longitudinal intensity profile, transversal intensity profile
at 3 m away from the generator (gamma enhanced for better visibility), diame-
tral intensity line-profile. (a) SLB (LPL = 74 mm), (b) SLB (LPL = 73 mm),
(c) SLB (LPL = 72 mm), (d) HSLB (LPL = 72 mm), and (e) LB (LPL = 72 mm).
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along the y-axis or to create two-dimensional beams (see Figs. 2, 3, 12 and 18 of the
publication in the chapter 7.5 [114]).

A change of the distance between the lens facing surfaces LPL influences mainly
the amount of the defocus in the optical system, which causes the generating wave-
front to change shape causing the beam to have different properties such as different
number of rings or lines, or the size of the inner core of the SLB [111]. This is
illustrated in Fig. 6.2. The beams in Fig. 6.2 were simulated using a generator con-
sisting of two plano-convex lenses with a round symmetry for the SLBs and HSLB.
The generator of the LB consisted of two plano-convex cylindrical lenses. For all
the generators, the phase lens had a focal length of 15 mm and an aperture size of
12.7 mm. The projection lens had a focal length equal to 60 mm, and the aperture
size was 50.8 mm. The lenses were facing each other with the convex surfaces, and
the material was chosen to be the N-BK7 glass for both. The circular input beam
was a plane wave with a diameter of 3 mm.

Optical elements that would introduce a similar phase delay, such as phase plates,
mirrors, or SLMs, can also be used to form the beam. Note that the generation
mechanism can also be explained by the fact that the phase lens introduces a spe-
cific angular spectrum modification in the Fourier plane, while the projection lens
performs the Fourier transformation [114, 115].

Figure 6.3: Longitudinal intensity profile of an SLB with an illustration of the rays
originating from the diametral line-profile of the generating wavefront.

The intuition behind the generating principle can be gained by analyzing rays
that originate in the locally perpendicular direction from various parts of the generat-
ing wavefront. These rays, representing light from separate regions of the generating
wavefront, overlap as the beam propagates in space, as illustrated in Fig. 6.3. This
means that the light from these regions interferes, resulting in the beam’s structured
pattern and pseudo-nondiffracting properties.

The superposition of overlapping rays leads to the formation of distinct beam
regions during propagation. These regions are referred to as a near-field and diverg-
ing region (Fig. 6.2a). The rays originating from the generating wavefront part with
the highest gradient of phase (black arrows) overlap first as the beam propagates,
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contributing to the near-field region of the beam. Here, rapid changes in inten-
sity patterns occur due to the overlapping of many rays, and the beam keeps its
pseudo-nondiffracting behavior, such as regeneration behind the obstacle. The rays
originating from the inflection point of this part of the wavefront (orange arrow) con-
tribute to the outer ring in the case of the SLB, or to the outer line for the LB. The
rays originating from the local extremes (red arrow) contribute to the creation of the
inner core in the diverging region. In this region, the beam has a stable transversal
intensity distribution that only linearly diverges with distance [110, 111, 114]. The
orange part of the wavefront can be approximated using a cubic function, which
gives rise to an Airy-like beam [110].

The similarity between LBs and DABs or SABs is evident. LBs are composed of
Airy-like beams with opposing accelerating directions and exhibit the same reflection
symmetry as SABs and DABs. SLBs are formed from Airy-like beams arranged with
rotational symmetry, similar to that found in CABs. However, the angle between
the Airy-like beams and their spacing is influenced by the shape of the generat-
ing wavefront. This is further described, together with the details describing the
generation principle behind LBs, in the publication in the chapter 7.5 [114]. The
generation principle and properties of SLBs are explained more thoroughly in the
publications of Polák [110, 111].

6.2 Numerical Modeling
A dedicated simulation software was required to optimize SLBs and LBs propa-

gation characteristics and, consequently, the beam generator itself. The motivation
was to ensure that the beam maintains the spatial characteristics complying with
the constraints of the alignment system, such as that the vital parts of the transver-
sal intensity distribution fit on a CCD or CMOS detector and can be analyzed even
after propagating for hundreds of meters.

At the initial stage of the research, the beam propagation was simulated using
the commercial software VirtualLab Fusion [116]. This software utilizes ray tracing
through the optical elements of the beam generator, resulting in an optical path
difference and a density distribution of rays. These results are translated into a
complex field that describes the amplitude and phase of the light. Numerical calcu-
lation combining diffraction integral or the Fourier optics approach is employed to
propagate the complex field to a given distance, leveraging the Fast Fourier trans-
formation (FFT) algorithm to numerically solve the equations [117].

Subsequently, an in-house software was developed in MATLAB [118]. This soft-
ware follows the same simulation principles, but it is specifically optimized for sim-
ulating SLBs and LBs propagation. The optimization provides several advantages,
such as greater control over the simulation parameters, which helps to decrease the
time needed for performing the calculations. This software was used to simulate
the beams presented in Fig. 6.2. Note that the simulation principles show good
agreement with experiments as presented in the chapter 7.4 and additional publica-
tions [45, 63, 119].
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One of the controllable parameters in the in-house developed software was the
sampling rate, which is a vital parameter for the FFT algorithm. In this context,
aliasing needs to be explained first. It arises when the sampling rate is insufficient
to capture the high spatial frequencies present in the optical field. According to the
Nyquist theorem, to avoid aliasing, the sampling interval must be at least twice the
highest frequency component in the field, ensuring that all relevant spatial informa-
tion is accurately represented in the resulting complex field in a given distance [120].
The spatial resolution ∆x is inversely proportional to the product of matrix size M
and sampling interval ∆k:

∆x =
1

M∆k
. (6.3)

When high spatial frequencies must be captured, the matrix size representing
the complex scalar optical field can grow significantly, requiring efficient memory
management. The computational complexity scales linearly for one-dimensional vec-
tors, whereas it increases quadratically for two-dimensional matrices. For the LBs,
given their symmetry, vector-based calculations are sufficient, reducing the dimen-
sionality from matrix to vector operations, and exponentially decreasing memory
requirements and computation time.

Additionally, the in-house software has the ability to simulate symmetry-breaking
effects, which were introduced in the paper by Polák [121]. The symmetry breaking
occurs when one or multiple apertures are present in the path of the beam. This can
alter the beam’s straightness due to diffraction effects, which need to be considered
for alignment applications, as the shape of the alignment reference must be known.
Compared to the approach presented in Polák’s paper, the developed software fea-
tures the ability to insert multiple apertures. This allowed for the optimization of
aperture size for LB sensors described in the paper of chapter 7.6 [122].

6.3 Structured Laser Beams and Layer Beams in the
Context of Alignment

To establish a reference line for alignment, it is necessary to measure the position
of the SLB at multiple distances from the beam generator. The accuracy and preci-
sion of the detection algorithms were investigated on simulated transversal intensity
distributions of SLBs and HSLBs in the paper of chapter 7.3 [113]. The algorithms
for SLBs were also experimentally verified with the results presented in the confer-
ence proceedings of chapter 7.2 [62]. The results suggest that the algorithms will
not be the main limiting factor or source of error in the alignment system.

However, the results presented in chapter 7.2 underline the need for propagating
the beam inside a vacuum pipe to mitigate fluctuations and the gradient of refractive
index in the propagation medium, as these can significantly affect the precision and
accuracy of the alignment system. As a consequence of this finding, the research
emphasis moved on to the next topic. It is evident that the generating wavefront is
an important parameter that dictates the properties of the beam. Measuring this
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wavefront while propagating inside the vacuum pipe can be problematic. One of
the reasons can be, for example, space constraints. To solve this, a measurement
technique for characterizing the generating wavefront based on a single image of
the transversal intensity distribution of the SLB was developed. The results were
presented in the paper of chapter 7.1 [123] and also in the proceedings of SPIE,
Optomechanical Engineering 2023 held in San Diego, California, USA: “Wavefront
Aberration Detection of a Structured Laser Beam Using Artificial Intelligence and
Its Use for Alignment” [124]. The conference paper introduces the use of the method
for detecting non-symmetric optical aberrations, which can be present in SLBs gen-
erated using, for example, an SLB generator with misaligned lenses. However, based
on our experience, this is a limited case that is not relevant in real particle alignment
scenarios, where the lenses of the SLB generator are carefully aligned to produce a
well-defined beam. For this reason, this conference paper is not included as part of
this thesis.

An SLB-based alignment system was tested and compared with the WPS and
HLS, with the results presented in the paper by Niewiem [60]. In the paper, the
SLB was propagated inside a vacuum pipe, where the pressure reached 10−2 mbar,
which mitigated most of the unwanted atmospheric effects. The results of the rel-
ative alignment showed promising results with a standard deviation error of offset
measurements below 20µm over the length of 140 m. The alignment reference could
not be measured simultaneously along the entire path of the beam. This arises when
the central core of the SLB is obscured by a camera, as it is prevented from propaga-
tion and also from further position measurements. In the paper, this was addressed
by introducing moving mechanical shutters, which briefly cover the beam while se-
quentially measuring the position of the alignment reference by inserting the CMOS
chip in the path of the beam. However, this increased the time of the measurement.
The paper discusses that this is one source of error, where the reference line shows a
shift in time. This can be caused by the fact that the SLB generator was not inside
the vacuum. Therefore, not all of the effects caused by the non-uniformity of the
refractive index in the atmosphere were mitigated. Additionally, even a slight phys-
ical movement of the generator or instability of laser illumination can also introduce
a similar error. Pellicle beam splitters can be used to mitigate this problem [125].
However, a slight wedge angle between the surfaces of the beam splitter can cause
angular deviation of the beam over distances of hundreds of meters. This effect can
be partly limited by calibration, however, it can spoil the straightness and quality
of the reference line.

We propose to address this challenge by moving away from SLBs, or any other
beam with rotational symmetry, to LBs. LBs generate a reference plane, which is
enabled by the reflection symmetry of the transversal intensity distribution along
the entire path of the beam, instead of a reference line generated by the SLB. This
is illustrated in Fig. 3 of the paper in the chapter 7.6 [122]. In the proposed so-
lution, LBs provide the basis for an orthogonal alignment reference given by two
reference planes. This is established by two LBs rotated by 90 degrees, as is illus-
trated in Figs. 4 and 6 of the paper presented in the chapter 7.6 [122]. The reference
planes along both axes are detected using a hollow sensor, developed specifically
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for this task. This sensor is composed of four linear CCD sensors placed around
a square aperture, as can be seen in Fig. 5 of the publication included in chap-
ter 7.6 [122]). The aperture allows the beam to propagate further, without fully
obstructing it. Furthermore, a roll misalignment can be measured using this sys-
tem, adding an additional degree of freedom. The analysis of the developed system
in comparison with a laser tracker measurement is described over the distance of
2 m (chapter 7.6 [122]). The detection algorithm for the detection of the reference
plane was introduced in the conference paper in the chapter 7.4 [119]. The detec-
tion algorithms were also presented in the conference proceedings: “Layer Beams
and Their Prospect for Long-Range Alignment” [63], which is not part of this thesis.
This proceeding also discusses the influence of reflections inside the vacuum pipe on
the LB signal-to-noise ratio.

Another critical consideration in an alignment system’s development is the en-
vironment of the particle accelerator in which the alignment sensors operate. High-
energy radiation can degrade electronic components over time, potentially compro-
mising the reliability of the system, destroying the electronics, and increasing the
costs. To address this challenge, a signal transmission system based on an optical
fiber matrix was tested as a potential solution. This approach would allow the sig-
nal to be guided away from the radiation area while keeping the electronics shielded
from direct radiation exposure. The feasibility of this technique was also presented
in the paper in the chapter 7.6 [122].
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7 Collection of Papers

This chapter presents results as a collection of six publications, including four
peer-reviewed journal articles and two conference papers. The first three publica-
tions focus on the methods developed for SLBs, while the additional three shift the
focus to the LBs. It is obvious that the focus of the research shifted towards LBs.
Based on the aforementioned findings of this research, it became evident that LBs
could provide additional benefits to the alignment system compared to SLBs. How-
ever, if needed, the methods developed for SLBs can, after a slight alteration, also
be used for LBs. Note that the abbreviations used in the publications can differ
from those in the thesis. A distinction was made in the chapter that contains a list
of abbreviations to facilitate reading.
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7.1 Wavefront Reconstruction of a Non-Diffracting
Structured Laser Beam

This paper introduces a novel technique for estimating wavefronts of SLBs. The
study introduces an approach combining artificial intelligence with least-squares
fitting to determine symmetrical wavefront aberrations. By analyzing a single SLB
transversal intensity distribution, the method estimates symmetrical coefficients of
Zernike polynomials of the generating wavefront, namely the defocus and different
orders of spherical aberrations. Results are compared to the measurements obtained
using a Shack-Hartmann sensor [126]. The advantage of this approach is that the
generating wavefront estimation is enabled even in difficult conditions, such as when
the beam propagates inside a vacuum, where it can be difficult to insert a wavefront
sensor. The paper was published in Optics Express (Q2, Impact Factor = 3.2).
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Abstract: The Structured Laser Beam (SLB) is a pseudo-non-diffracting laser beam that shares
many characteristics with a Bessel beam. However, it can theoretically propagate over an
unlimited distance while maintaining an extremely low inner core divergence of only 0.01 mrad.
This makes it a promising candidate for precise long-distance alignment applications such as the
alignment of particle accelerator components at CERN. In this work, a novel method to assess the
symmetrical wavefront aberrations induced by an SLB generator is presented. Our approach is
based on the analysis of a single-intensity distribution of an SLB. The coefficients of the Zernike
polynomials are estimated using artificial intelligence before least-squares fitting is used to refine
the result. This approach ensures that the fitting avoids local minima. This method provides a
novel way to analyze the optical aberrations induced by the SLB generator.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Accurately aligning accelerator components over long distances poses a significant challenge,
requiring precision of the transversal position in the range of tens of micrometers over distances
of hundreds of meters. At CERN, straight-line reference systems have been developed to meet
these stringent accuracy requirements [1]. These systems, such as the Wire Positioning System
and Hydrostatic Leveling System, use physical references, in these cases stretched wires and
water levels, respectively. While highly precise, they suffer from implementation difficulties and
component costs and are difficult to scale to even larger accelerators. An optical-based system
could serve as a viable alternative for future colliders like the Compact Linear Collider (CLIC)
[2] or the Future Circular Collider (FCC) [3], which are currently under study at CERN. These
projects require tight alignment tolerances in the transversal direction, with an accuracy of up to
10 µm (1σ) over a 200 m span [4]. Several optical-based systems for aligning structures over long
distances have been proposed in various works [4–9], however, the drawback of these systems
is their relatively high divergence, which makes it challenging to achieve accurate straight-line
reference measurements over long distances.

A promising candidate to overcome this drawback is the Structured Laser Beam (SLB) [10].
The SLB is a pseudo-non-diffracting beam with a transversal intensity profile similar to a Bessel
Beam (BB) of zeroth order [11,12]. It shares certain properties with the BB, such as a low
divergence of the central core compared to a Gaussian Beam (GB) and the ability for regeneration
behind obstacles [13]. Various reports have explored the use of pseudo-non-diffracting beams
for alignment purposes. Parks [14–17] used BB for aligning optical elements, while Gale [18]
employed projected BB for aligning larger structures over 19 m. However, contrary to a BB, the
SLB maintains a well-defined central core that can fit on a reasonably sized sensor chip even after
propagating for several hundred meters. Propagation tests up to 900 m have been conducted at

#502452 https://doi.org/10.1364/OE.502452
Journal © 2023 Received 25 Aug 2023; revised 15 Oct 2023; accepted 16 Oct 2023; published 29 Nov 2023



Research Article Vol. 31, No. 25 / 4 Dec 2023 / Optics Express 42100

CERN, yielding a divergence of under 0.01 mrad. This enables direct reading of the SLB image
using a reasonably sized camera chip even after propagation over hundreds of meters.

The generation principle for an SLB relies on utilizing the symmetrical optical aberrations,
namely defocus and spherical aberrations, and is described in detail in subsequent sections. It is
crucial to know the values of the defocus and spherical aberrations to determine SLB properties.
Some studies have addressed the issue of aberrated BBs produced by oblique illumination of an
axicon or a diffracting element [19–21]. Dudutis [22] demonstrated the use of these aberrated
beams for glass dicing. Khonina presented a method for analyzing astigmatic BBs to detect
birefringence of gradient-index lenses and crystals [23,24] and presented a way to analyze the
intensity distribution of optical aberrations for a combination of an axicon and bi-convex lens
[25]. Miao [26] proposed a technique for phase front retrieval and correction of a BB. However,
none of these works presented a fast and reliable method for assessing wavefront aberrations in
beams generated solely by symmetrical optical aberrations, such as an SLB.

To evaluate the wavefront shape, traditional wavefront sensing methods can be employed.
However, this approach can be problematic since the wavefront should be measured directly
behind the projection lens. In the context of long-distance alignment applications, the SLB
propagates within a vacuum pipe, making it challenging to directly measure the wavefront
immediately behind the generator. The considerable diameter of the generator projection lens can
also introduce complexities in measurements using conventional wavefront sensing methods. This
paper presents a simple method for estimating the wavefront of an SLB utilizing a combination
of a convolutional neural network (CNN) and least-square fitting. While there have been reports
of using artificial intelligence (AI) for detecting wavefront aberrations [27–29], to the best of
our knowledge, AI has not been employed for wavefront analysis of non-diffracting beams. This
method enables the determination of the SLB dominant symmetrical wavefront aberrations using
a single SLB intensity distribution, with application to high-precision, long-distance alignment,
where it can provide information about the beam properties.

2. Methodology

The SLB can be generated using various generators that create a uniquely shaped wavefront
by combining rotationally symmetrical aberrations: spherical aberration, secondary spherical
aberration and defocus. Such an optical system functions as a Keplerian beam expander,
maintaining the nearly parallel nature of both input and output beams while introducing a phase
delay. This phase delay results in a distinctive wavefront shape. It is important to note that this
wavefront is formed directly behind the projection lens, as depicted in Fig. 1. As one moves
farther from the generator along the direction of SLB propagation, various segments of the
wavefront undergo constructive and destructive interference, resulting in an intensity distribution
resembling that of a Bessel Beam. However, in the case of SLB, there is a radial intensity
modulation of the beam’s rings. The shape of the wavefront directly influences beam properties,
including the core size, the number of rings, and their intensity modulation. A critical parameter
in this context is the so-called zero-phase gradient ring, depicted in Fig. 2, which can be utilized
to determine the central core size [30].

An SLB can be generated using a variety of generators. In this work, a 5 mm ball lens made of
N-BK7 glass is used in combination with a plano-convex projection lens. The projection lens
is made of N-BK7 glass with a diameter of 9 mm and a radius of curvature of 10.3 mm. By
changing the distance between the lenses, denoted as LPL in the interval LPLMIN to LPLMAX , the
diameter of the zero-phase gradient ring is changed, affecting the core size as illustrated in Fig. 2.

The values of LPLMIN and LPLMAX were equal to 18.8 and 19.25 mm respectively. This interval
of values ensures that the SLB pattern can fit into a 10x10 mm region of interest on a Basler
camera acA4112-30uc featuring a CMOS chip measuring 14.13x10.35 mm placed 1.5 m away
from the generator. The limitations of our experimental setup defined this constraint. The shorter
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Fig. 1. Schematic of an SLB generator.

Fig. 2. Simulated intensity distributions and corresponding line profiles using Eq. (3) traced
to z = 1.5 m. (a) cj values corresponding to LPLMAX producing a core size of 0.26 mm (b)
the corresponding wavefront profile. The zero-phase gradient ring is highlighted by red dots
having a diameter of 2.81 mm. (c) cj values corresponding to LPLMIN producing a core
size of 0.16 mm (d) the corresponding wavefront profile. The zero-phase gradient ring is
highlighted by red dots having a diameter of 6.6 mm.
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LPL reduces the amount of defocus aberration in the wavefront. This affects the size of the
zero-phase gradient ring diameter, which becomes larger. The SLB with a relatively small core
size is created as a result at a certain distance. Other parameters, such as the number of rings
and divergence, are also affected by the change of the LPL distance. This generation principle
allows for fast and easy tuning of the SLB core size and other parameters. More details about the
generation principle can be found in our previous works [10,30,31] and in the paper of Herman
[32].

A method that analyses a single transversal intensity distribution to estimate the shape of the
wavefront directly behind the projection lens was proposed. The phase of the complex field
behind the projection lens, hence the wavefront shape, can be described using normalized Zernike
polynomials [33]. Zernike polynomials are described by Zj and their respective coefficients cj,
The Noll indexing was used [34].

To validate the method, results were compared with measured data obtained from a Shack-
Hartmann sensor (SHS). The SHS was placed as close as physically possible in front of the
projection lens to measure the wavefront in the plane directly behind the projection lens. The
SHS consisted of a microlens array MLA300-14AR from Thorlabs combined with a Basler
camera a2A5328-15umPRO. The wavefront shape and phase were calculated using in-house
software [35].

Equation (1) describes the complex field of a non-aberrated SLB, which is approximated using
only defocus and spherical aberrations with index j equal to 4, 11, and 22, respectively.

s(x0, y0, 0) = S0exp[i2π(c4Z4 + c11Z11 + c22Z22)] (1)

Equation (2) describes a situation where other aberrations that do not contribute to the creation
of a beam are present, represented as the sum of the j-number of Zernike polynomials in the
complex field. These aberrations can have unwanted influence on the intensity distribution
symmetry.

g(x0, y0, 0) = G0exp(i2π
∑︂

j
cjZj); j ∉ {4, 11, 22} (2)

If the complex field is known, a diffraction integral can be employed to propagate the field and
reconstruct the transversal intensity distribution U(x, y, z) at an arbitrary distance z as described
by Eq. (3). In this equation, k represents the angular wavenumber and λ the wavelength of light.

U(x, y, z) =
1

iλz
exp(ikz)exp[

ik(x2 + y2)

2z
]FT{s(x0, y0, 0)g(x0, y0, 0)exp[(x2

0 + y2
0)

ik
2z

]} (3)

The method presented here deals with the inverse task. The intensity distribution I(x, y) of
the SLB is measured using a CMOS chip at a given distance from the projection lens. This
measurement serves as input for a non-linear-least-squares minimization of the c4, c11 and c22
values to match the measured intensity distribution I(x, y) at a given distance z according to the
Eq. (4) [26]. We assume g(x0, y0, 0) = 0 for the fitting process. This estimation is allowed by
the fact that, in reality, the values of aberrations expressed by g(x0, y0, 0) are small. This will
become evident in the following chapters. S0 = 1 was also assumed.

S = min
c4,c11,c22

∑︂
x

∑︂
y
[U(x, y, z) − I(x, y)]2 (4)

When the minimization process begins with coefficient values equal to zero or random values,
the fitting process becomes trapped in a local minimum, failing to determine the values of the
polynomials even for least-squares fitting with fine-tuned parameters. To mitigate this issue, a
convolutional neural network (CNN) was employed to obtain the initial estimates for the c4, c11
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and c22 values.
RMSEwf = [

∑︂
j
(cjZj)

2]1/2 (5)

DenseNet121, InceptionV3, and Resnet-50 architectures were trained to estimate the coefficient
values. Detailed architectural schemes are provided in additional materials. An input of the
networks was a 224x224x3 intensity distribution of the SLB represented as an RGB image. An
output linear dense layer provided values for the matrix of the three symmetrical coefficients of
the Zernike polynomials. Models were trained using a dataset of 100,000 simulated transversal
intensity distributions of the SLB, which were generated using Eq. (3) traced up to 1.5 m.

The ranges of cj of values used in Eq. (1) and (2) for the generation of the training data were
obtained from multiple measurements of SLB wavefronts in the interval LPLMIN and LPLMAX
using a well-aligned generator and the SHS. These measurements are presented in the following
chapter. The wavefront root-mean-squared error (RMSEwf ) was calculated using Eq. (5) up to
j = 66, excluding piston (c1), tilts (c2, c3), and defocus (c4) and spherical aberrations (c11, c22),
to be in an interval of 0.06 to 0.08λ. The wavefront, therefore, can be approximated by Eq. (1)
without significantly affecting the calculation of the zero-phase gradient ring. This is true for
most of the generators, such as the ones presented in [30]. One has to be careful when short focal
length distance lenses are used as a SLB generator. As a generator consisting of two 5 mm high
index ball lenses, the system can be more prone to misalignment and cause a larger influence of
non-symmetrical aberrations on the intensity pattern.

Equation (2) was used as noise together with a Gaussian intensity noise with mean zero and
variance equal to 1e-7. The amplitude S0 = 1 was assumed. The cj value intervals in units of [λ]
used for training can be seen in Table 1. Note that though the magnitude of the c22 is small, it has
an important effect on the beam properties due to its symmetry and, therefore, must be used for
the description of the SLB wavefront.

Table 1. Interval of cj values used for training dataset simulations.

Coefficient cj [λ]

j = 1 0

j = 4 [-7.85; -1.25]

j = 11 [-2.55; -2.45]

j = 22 [-0.07; -0.08]

j ∈ [2, 66] \ {4, 11, 22} [-0.02; 0.02]

The dataset was divided into 80,000 images for testing and 20,000 images for validation. The
input images were normalized min-to-max in the interval of [0, 1] to mitigate the influence
of intensity, and a square root stretching operation was applied to enhance the shape features.
An Adam optimizer using a learning rate 1e-3 was used and halved every 15 epochs down to
a minimum value of 5e-6. The batch size was set to 32 using 300 epochs for training. The
mean-squared error (MSE) of the c4, c11 and c22 values served as the learning metric. The change
of a loss function MSE during the training process can be seen in Fig. 3.

InceptionV3 consistently achieved stable validation loss function MSE values, converging
to the order of 1e-5. ResNet50 and DenseNet121 exhibited stable validation loss function
MSE values in the lower order of 1e-4. To assess the performance of the trained networks, we
conducted a reconstruction experiment involving 1,000 wavefronts using simulated data that were
not part of the training set. We compared the predicted wavefronts with a reference wavefront by
calculating the difference in RMSEwf values. This involved subtracting two sets of coefficient
values representing the predicted and reference wavefronts for j in the interval of 4 to 66. This
means that the values of RMSEwf were largely influenced by the aberrations introduced by Eq. (2),
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Fig. 3. Loss function changing process of different networks. (a) Training process (b)
Validation process. For detailed architectures of ResNet50, InceptionV3, and DenseNet121
see Visualization 1, Visualization 2, and Visualization 3, respectively.

which were not estimated by the AI. The mean values and error bars indicating the standard
deviation are presented in Fig. 4. Notably, InceptionV3 outperformed the other architectures,
achieving an RMSE of 0.054λ. In contrast, the RMSE values for ResNet50 and DenseNet121
architectures are 0.104λ and 0.096λ, respectively. Consequently, we have selected InceptionV3
for subsequent reconstructions.

Fig. 4. Mean RMSEwf values of the difference between the reference and predicted
wavefront. Error bars represent the standard deviation.

3. Results

3.1. Simulation

The method was validated by reconstructing the wavefront of a simulated intensity distribution
with known values of the c4, c11 and c22 that were not utilized during the training. Data were
generated using the same procedure as for the training data.

The simulated reference intensity distribution, AI estimation followed by the fitting process can
be seen in Fig. 5(a), Fig. 5(b) and Fig. 5(c) respectively. The wavefront residual, which represents
the difference between the reference wavefront and the wavefront obtained after the fitting, is
depicted in Fig. 5(d). For comparative analysis of the c4, c11 and c22 the coefficient values can be
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seen in Fig. 5(e). The layout presented in this figure is replicated in subsequent figures, each
showcasing additional wavefront reconstructions. The RMSEwf values were calculated for the
coefficients in the interval from 4 to 66, excluding piston and tilts.

Fig. 5. Validation of the method using simulated data. The square root stretching was
used to enhance the features in the intensity distributions. (a) Reference simulated intensity
distribution (b) Intensity distribution estimated by artificial intelligence (AI) (c) Intensity
distribution obtained through fitting (d) Wavefront residual representing the difference
between the reference and fitted wavefront (e) cj values of reference, AI estimation and
fitting for defocus, spherical and secondary spherical aberration

In the measurement displayed in Fig. 5, the percent error for the reference symmetrical
coefficients c4, c11 and c22 is equal to 0.64% going down to 0.14% after fitting. The RMSEwf
between the reference and the fitting process stands at 0.057λ after including the error of the
non-symmetrical coefficients up to c66. The peak-to-valley (PV) wavefront difference between
the initially generated reference and the wavefront obtained through fitting measures at 0.89λ.

The percent errors in the measurement presented in Fig. 6 are equal to 0.38% and 0.37% for
prediction and fitting respectively. The RMSEwf is equal to 0.077λ after fitting. The peak-to-valley
(PV) wavefront difference is measured to be 0.74λ.

The method has been effectively applied to data that were not part of the training dataset.
Fitting reduces the error of the AI estimation even when only the c4, c11 and c22 are the subject of
change. As a result, the coefficients used to generate the SLB are estimated with slightly higher
accuracy. Using AI estimation alone is up for consideration, reducing the method’s runtime from
seconds to milliseconds without significantly sacrificing accuracy. The main major portion of the
RMSEwf are the aberrations induced by Eq. (2).

3.2. Experiments

Wavefronts of several SLBs were measured using the SHS sensor and taken as a reference. The
intensity distributions were measured using the camera placed 1.5 m away from the generator.
The images were taken with low exposure values in order. Hence, pixels are not saturated. The
image was cut to have a size 10x10 mm, and the resolution was lowered to match the input size of
the InceptionV3 network. Two laser source with a wavelength of 532 nm and power of 0.9 mW
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Fig. 6. Validation of the method using simulated data. The square root stretching was
used to enhance the features in the intensity distributions. (a) Reference simulated intensity
distribution (b) Intensity distribution estimated by artificial intelligence (AI) (c) Intensity
distribution obtained through fitting (d) Wavefront residual representing the difference
between the reference and fitted wavefront (e) cj values of reference, AI estimation and
fitting for defocus, spherical and secondary spherical aberration

was used for measurements in Figs. 7 and 8. For measurements in Figs. 9 and 10, a laser source
with a power of 4.5 mW with a wavelength of 532 nm was used.

In the wavefront estimation depicted in Fig. 7 the percent error for the reference symmetrical
coefficients c4, c11 and c22 is equal to 0.57% going down to 0.45% after fitting. The RMSEwf
equals to 0.088λ after fitting. Simultaneously, the peak-to-valley (PV) wavefront difference
between the initially generated reference and the wavefront obtained through fitting measures at
1.15λ.

In the measurement presented in Fig. 8, the RMSEwf stands at 0.081λ after fitting. The percent
error of the defocus and spherical aberrations is equal to 0.24% and 0.15% for AI prediction
and fitting, respectively. The PV wavefront difference between the generated reference and the
wavefront was obtained through fitting measures at 0.88λ.

Experiments effectively demonstrate the method’s utility in estimating the wavefront of an
SLB, specifically the coefficients c4, c11, and c22. Notably, despite the AI model being trained on
a simulated dataset, it proves to be highly effective when applied to real measurements.

In the measurement presented in Fig. 9, the RMSEwf is equal to 0.085λ after fitting. The
percent errors of the c4, c11 and c22 for the AI estimation is equal to 1.47% and 0.52% for the
fitting. The peak-to-valley (PV) wavefront difference between the initially generated reference
and the wavefront obtained through fitting measures at 1.12λ.

In the wavefront estimation shown in Fig. 10, the percent error of the AI estimation is equal
to 1.45% decreasing down to 0.12% after using the fitting. The RMSEwf stands at 0.082λ after
using the fitting process. Simultaneously, the peak-to-valley (PV) wavefront difference between
the initially generated reference and the wavefront obtained through fitting measures at 0.92λ.

An increase in the reconstruction error for the coefficients c4, c11, and c22 of the AI estimation
is apparent for both measurements in Figs. 9 and 10. This increase could be attributed to
the utilization of a different laser source with higher power and a distinct spatial illumination
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Fig. 7. Validation of the method using a comparison with a SHS wavefront measurement.
The square root stretching was used to enhance the features in the intensity distributions. (a)
Measured intensity distribution (b) Intensity distribution estimated by artificial intelligence
(AI) (c) Intensity distribution obtained through fitting (d) Wavefront residual representing
the difference between the reference and fitted wavefront (e) cj values of measured reference,
AI estimation and fitting for defocus, spherical and secondary spherical aberration

Fig. 8. Validation of the method using a comparison with a SHS wavefront measurement.
The square root stretching was used to enhance the features in the intensity distributions. (a)
Measured intensity distribution (b) Intensity distribution estimated by artificial intelligence
(AI) (c) Intensity distribution obtained through fitting (d) Wavefront residual representing
the difference between the reference and fitted wavefront (e) cj values of measured reference,
AI estimation and fitting for defocus, spherical and secondary spherical aberration
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Fig. 9. Validation of the method using a comparison with a SHS wavefront measurement.
The square root stretching was used to enhance the features in the intensity distributions. (a)
Measured intensity distribution (b) Intensity distribution estimated by artificial intelligence
(AI) (c) Intensity distribution obtained through fitting (d) Wavefront residual representing
the difference between the reference and fitted wavefront (e) cj values of measured reference,
AI estimation and fitting for defocus, spherical and secondary spherical aberration

Fig. 10. Validation of the method using a comparison with a SHS wavefront measurement.
The square root stretching was used to enhance the features in the intensity distributions. (a)
Measured intensity distribution (b) Intensity distribution estimated by artificial intelligence
(AI) (c) Intensity distribution obtained through fitting (d) Wavefront residual representing
the difference between the reference and fitted wavefront (e) cj values of measured reference,
AI estimation and fitting for defocus, spherical and secondary spherical aberration
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distribution than for the previous measurements. After closely examining the figures, a stray light
outside of the SLB’s outer ring can be seen. This can cause an increase in the AI estimation error.

If we compare the reconstructed and measured reference wavefronts from the experiments,
the zero-phase gradient ring can be calculated with an error of less than 10 µm for all of the
presented reconstructions.

4. Discussion

The results obtained from this study show the advantage of using AI combined with least-squares
fitting to estimate the SLB wavefront, and its characteristics, using symmetrical defocus (c4) and
spherical aberrations (c11, c22) with a root-mean-squared error of the wavefront estimation being
smaller than 0.09λ. This approximation by symmetrical aberrations is enabled by the fact that
non-symmetrical aberrations in the SLB wavefront have low magnitudes, considering the SLB
generators used in long-distance alignment. Note that using lenses with shorter focal lengths
can cause the generator to be susceptible to misalignment and to the effect of non-symmetrical
aberrations.

While the AI estimation of the Zernike polynomial coefficients alone demonstrates satisfactory
results, the switch to a different laser source decreased the accuracy of the AI estimation. The AI
performance could be improved by increasing the number of samples used for training or possibly
by incorporating an illumination distribution change into the training dataset generation process.
Training on real data could improve the results. However, this process can be labor-intensive for
large datasets. The subsequent least-squares fitting process generally refines the estimation of
these coefficients, leading to higher precision. The trade-off between the accuracy gain and time
span of the method needs to be considered when it comes to the use of the fitting, which can
be rendered unnecessary. Importantly, despite being trained on simulated data, the CNN was
successfully applied to measured data from the laboratory, with results aligning with the SHS
measurements.

By accurately estimating the wavefront, describing it using the dominant defocus and spherical
aberrations produced by the SLB generator, it becomes feasible to determine the beam properties.
Notably, the zero-phase gradient ring, which affects the size of the SLB core. This assessment will
be beneficial for ensuring beam quality in precision-demanding applications such as long-distance
accelerator alignment. The simulation approach employed in this study allows to generate
non-diffracting beams through aberrations and can offer a straightforward means to obtain a
desired beam shape through the manipulation of the induced aberrations.
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7.2 Detection of Structured Laser Beam Centroid
and Its Use For Alignment

This conference paper presents the development of detection techniques for the
SLB centroid coordinates. It evaluates and compares several centroid detection algo-
rithms, including best-fitting of parameterized Bessel functions and center of grav-
ity methods with gamma correction and thresholding corrections. Both simulated
and experimental data are analyzed, with experiments involving controlled CMOS
sensor translations using a high-precision motorized stage to assess precision. Addi-
tionally, the paper underlines the problems caused by the refractive index gradient
and fluctuations. This contribution was presented at the International Workshop
on Accelerator Alignment held in Ferney-Voltaire, France (IWAA2022) [62].
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Abstract
A Structured Laser Beam (SLB) [1] is a pseudo-non-

diffractive optical beam. Its transverse profile is similar to
a Bessel Beam (BB), hence its bright central core is sur-
rounded by concentric circles. SLB can propagate with
very low divergence over long distances. Propagation over
200 m has been tested with a divergence under 0.01 mrad.
Therefore, the central core can still fit on the camera chip
and its centroid position can be accurately detected, which
is not the case for well-known Gaussian beams (GB). These
properties make the SLB a promising candidate for long-
distance alignment applications because it could be used as
a reference line.

The alignment accuracy is affected by the algorithms
for centroid detection. In this work, different algorithms
for centroid position detection are evaluated and com-
pared on simulated data, namely the best fitting of a well-
parameterized Bessel function and different alternations of
the center of gravity methods. In addition to simulations,
real data are obtained during experiments using a high-
precision motorized stage to induce a known translation
of a sensor resulting in misalignment. This misalignment
is compared with the misalignment detected by an SLB
sensor. Therefore, the potential of SLB for long-distance
alignment is explored.

INTRODUCTION
The alignment of accelerator components with high ac-

curacy is a challenging task. At CERN straight-line ref-
erence systems have been developed to meet the tight ac-
curacy needs. The principle of the systems is based on
stretched wires (Wire Positioning System) and water level
(Hydrostatic Leveling System) [2]. These systems are pre-
cise in the order of micrometers over hundreds of meters,
however, have drawbacks such as cost or implementation
difficulties. It is also difficult to find a system that could
give similar results for the comparison. Hence using a laser
as a reference line can be a viable alternative.

The laser light path is assumed to be a straight line. Note
that this has to be investigated due to refraction and sym-
metry breaking [3]. Systems with laser beams propagating
in a vacuum, to minimize the effect of refraction caused
by air fluctuations, have been developed for several accel-
erators. Japanese High Energy Accelerator Research Or-
ganization (KEK) uses mechanically switched quadrant-

photodetectors to detect the laser propagating inside a vac-
uum tube [4]. Estimated accuracy is 100 µm over 500 m.
The quadrant-photodetectors however have a drawback, if
there is an irregularity in the laser spot shape, the centroid
detection accuracy can be strongly affected.

The Compact Linear Collider (CLIC) [5] is a proposed
accelerator that is under study at CERN. The project has
quite tight alignment tolerances of 10 µm over 200 m. The
LAMBDA sensor was in development for this task [6]. The
principle lies in projecting a GB propagating through a vac-
uum on a plate. The plate is movable, therefore it can block
the path of the laser when moved in. The projection of the
GB is then viewed with the camera and the center is cal-
culated and measured using Gaussian function fitting and
photogrammetry. However, this system has several disad-
vantages. After propagation of 200 m, most of the intensity
is lost and the ability for precise detection of the center is
affected due to the divergence and beam energy loss. The
other source of error is the photogrammetric camera objec-
tive, which induces field deformation due to lens aberra-
tions, and also brings additional calculation steps.

The Structured Laser Beam has the potential for long-
distance alignment due to its extremely low divergence
and sharply defined core, which can fit on a reasonably
sized chip even after propagating for 120 m (figure 5).
This allows us to read the image straight from the cam-
era chip, without using any optics, and use highly precise
algorithms for center detection. This can potentially elimi-
nate the drawbacks of the LAMBDA sensor and quadrant-
photodetector systems.

To meet the tight alignment tolerances, algorithms for
centroid detection with sub-pixel accuracy need to be im-
plemented. The centroid detection will be discussed in the
following chapters together with the investigation of the re-
fractive index fluctuation effect of the medium of propaga-
tion. The resulting data should highlight the potential of
SLB for long-distance alignment applications.

DETECTION OF A BEAM CENTROID
Center of Gravity

The Center of gravity (CoG) algorithm, the so-called
first moment weighted by intensity, is widely used in dif-
ferent image processing applications [7]. It is not compu-
tationally expensive and reaches sub-pixel accuracy. The
centroid coordinates x̄ and ȳ are calculated as:



x̄ =

∑xmax

x=0

∑ymax

y=0 I(x, y)x∑xmax

x=0

∑ymax

y=0 I(x, y)
(1)

ȳ =

∑xmax

x=0

∑ymax

y=0 I(x, y)y∑xmax

x=0

∑ymax

y=0 I(x, y)
(2)

where I (x , y) is the measured intensity at a given pixel
row x and column y of an image.

The preprocessing of an image can reduce noise in the
image and increase the accuracy of CoG algorithms. In
our case thresholding and gamma correction were used and
will be referred to as the TCoG and GCoG respectively.

The TCoG algorithm uses the thresholding function
T(x,y) which sets the pixel value to zero when its intensity
is lower than the threshold level t after background subtrac-
tion:

T (x, y) =

{
I(x, y), I(x, y) ≥ t

0, I(x, y) < t
(3)

In the case of GCoG, we introduce a non-linear relation-
ship between pixel intensity levels using function Gcorr .
Hence low-intensity values are lowered and high-intensity
values are enhanced:

Gcorr(x, y) = Imax

(
I(x, y)

Imax

)γ

(4)

As the value of gamma parameter γ increases, the
upward-sloping of the function is larger, hence the bigger
the relative difference between the intensity levels.

Best fitting of a well-parameterized Bessel func-
tion

Best-fit algorithm (BFA) finds the optimal parameters
of the equation describing the BB intensity distribution, to
match the shape of the observed beam. The intensity distri-
bution of a BB with the center intensity normalized to one
is described as:

I(x, y, x̄, ȳ, kT ) =
(
J0

(
kT

√
(x− x̄)2 + (y − ȳ)2

))2

(5)
where J0 is a Bessel function of the first kind and zero

order, kT is the transverse wave vector. The parameters kT ,
x̄ and ȳ are the subject of change during the optimization
process which roughly estimates the values. After the opti-
mization, the precise positions of x̄ and ȳ are found using
non-linear least-squares fitting:

minimize
x̄,ȳ

I(x, y, x̄, ȳ, kT ) =
m∑
i=0

I(x, y, x̄, ȳ, kT )
2 (6)

It is possible to use BFA for the centroid detection of
SLB, due to the similarity of the intensity distributions be-
tween BB and SLB. Note, that this fact can also be a cause
of the error.

Figure 1: Image of the region of interest (ROI) with the
BB centered in the middle of it. Latter image with the BB
centroid shifted on X-axis by 320 pixels.

Bessel Beam centroid detection
To investigate the error in centroid detection caused by

the fact that the equation 5 does not precisely describe the
intensity distribution of an SLB, we used BFA to detect the
centroid of a BB first. To be sure that the center of the
BB centroid is in a known spot, simulated beam intensity
distributions were generated using the software VirtualLab
Fusion©. We simulated a system with an NBK-7 glass axi-
con with an angle of 1°. The size of the output images was
1901x1901 pixels (px).

Figure 2: Absolute error of BB centroid coordinates depen-
dency on ROI shift in X-direction for x̄ (top) and ȳ (bot-
tom).

It was assumed that BFA will be more precise than the
algorithms using the CoG principle. To investigate the per-
formance, the rectangular ROI sized 950x950 pixels was
extruded out of the original image. The centroids of the
ROI and BB were in the corresponding known positions.
Later, we introduced a shift of the ROI in the X-axis to
have the beam centroid in a different position relative to



the ROI centroid as illustrated in the right part of figure 1.
All of the centroid algorithms with fixed parameters kT ,

t , and γ were used to find the centroid in images with lin-
early increasing shift in the X-coordinate of the ROI. Then
we compared the known position of the BB centroid with
the one detected. By an absolute error, we mean residual
between the known centroid of the beam and the detected
one.

The results in figure 2 show that when we introduce a
shift in X-axis, the absolute error of the x̄ for the BFA is
linearly increasing with the shift. While the Y-axis shift
remains zero, hence the beam is centered in that axis, the
error of ȳ does not show the linear trend. CoG algorithms
are not affected by the shift in the X-axis, the error re-
mains in the order of 10−6 of a pixel and does not show
any trend. The process was tested by introducing a shift in
Y-axis while X-axis staying the same with a similar result.
Hence only the error of ȳ was linearly increased with the
shift in Y-axis, while the error of x̄ remained unaffected.

Structured Laser Beam centroid detection
The algorithms were tested on simulated SLB data as

well. The shifting of the ROI in the X-direction was re-
peated. We can see the same linear trend of the absolute
error for BFA which goes up to 0.18 pixels. We believed
that this is caused by the fact that some parts of the beam’s
outer rings are cut out of the image (figure 1). Therefore,
the circular mask was used to make sure that only full rings
remain in the image (figure 3).

Figure 3: SLB intersected using a circular mask, hence
only full beam rings are present in the image.

The results in figure 4 show that masking out the non-
full rings significantly lowers the error of BFA and it
is no longer linearly dependent on the ROI shift in the
X-direction. The error of the GCoG is in the order of
10−3 pixels, while the error of the TCoG is in the order
of 10−5 pixels. After using a mask, the error of BFA is in
the order of 10−2 pixels.

The CoG algorithms are slightly more accurate and less
computationally expensive than BFA. Hence they are suit-
able for applications where the detection of centroid in
multiple images per second is needed (table 1). The TCoG
algorithm behaves better for simulated data. However, in

Figure 4: Absolute error of SLB x̄ centroid coordinate de-
pendency on ROI shift in X-direction for unmasked (top)
and masked (bottom) images respectively.

real conditions, background subtraction has to be done,
hence it can be prone to background illumination changes.
The algorithm is also sensitive to the changes of threshold
level t .

Table 1: Relative computational time for analysis of
1901x1901 pixel image. Implemented in MATLAB.

Algorithm Computational time

BFA 40.03 s

GCoG 0.17 s

TCoG 0.16 s

The camera chips have a rectangular shape hence the er-
ror of the BFA can be significant and depends on the rela-
tive position of the beam centroid to the image center. In
our simulations, the error was reaching up to 0.18 pixels.
The preliminary tests on simulated images with introduced
noise show that the absolute error of the BFA caused by the
relative beam position can be even higher. This can have a
significant effect on high-precision alignment applications.
To get rid of this source of error, it is necessary to use a cir-
cular mask that cuts out non-full outer beam rings. This is
not the case for the CoG algorithms, because the threshold
and gamma correction minimizes the influence of the rings
on the centroid detection.



LONG DISTANCE ALIGNMENT
INVESTIGATION

In this chapter, the potential of the SLB for use in high-
precision alignment was investigated also experimentally.
Refractive index fluctuations of the propagation media play
a major role in laser light alignment systems. The SLB
is a novel type of laser beam hence the influence of the
phenomenon has not been yet described thoroughly. The
SLB propagation and stability were measured over 120 m
in one of the CERN underground tunnels (figure 5).

We used the GCoG to detect the centroid with 3 frames
per second for 1 hour. Even though the TCoG behaves bet-
ter on simulated data, in real conditions it is prone to the
choice of the optimal threshold level t and background il-
lumination. These effects need to be investigated more to
be able to use the TCoG algorithm proficiently. The abso-
lute of the GCoG is not as significant even if the γ is not
chosen optimally and the background illumination does not
play such a big effect, due to the working principle of the
algorithm.

Figure 5: Real image of SLB propagated over 120 m in
CERN underground tunnel. Projected on a camera with a
chip size of 14.1x10.3 mm and pixel size of 3.45 µm.

The maximal amplitude of the oscillations is ±0.82 mm
and ±0.53 mm with standard deviation σ of 0.234 mm and
0.229 mm for x and y respectively. This will play a major
role if we want to achieve alignment in the order of µm.
On the other hand, the measured data do not have a large
spread and they are oscillating around one point. Hence, it
can be advantageous to extract information about the posi-
tion by taking the mean of all centroid positions.

We decided to rebuild the experiment for a shorter dis-
tance in the laboratory to investigate, how well it is possible
to extract the information about the position of a sensor rel-
ative to a reference position given by the beam.

Setup
The beam was propagated over 1.8 m on an optical ta-

ble. SLB was projected straight on a camera chip without
any objective lens. The SLB is stationary forming a refer-
ence, while the camera is moved by precise amounts using

the highly precise motorized stage hence representing an
object of alignment. We used Thorlabs one-axis motorized
stage MT1/M-Z8 with a resolution of 50 nm,

Figure 6: Schematic view of the setup.

The angles between the camera, motor, and laser were
measured with a laser tracker. It was calculated that the
perpendicularity misalignment between the camera chip,
motor movement direction, and laser line is under ±1°.

Results and discussion
The long-term stability of the line was measured for 11

hours (figure 7). We can see noticeable oscillations of the
beam centroid with an amplitude of ±5 µm.

Figure 7: Stability of the beam was measured for 11 hours
including the temperature measurement. The red line rep-
resents the moving average of the data for better visibility
of the trend.

The temperature in the laboratory is relatively stable due
to the air-conditioning (AC). It was measured with a resolu-
tion of 0.1 °C. The temperature probe was placed approx-
imately in the middle between the camera and the gener-
ator. The correlation between temperature and the posi-
tion of the reference line is noticeable. As the temperature
periodically changes, which is caused by the AC switch-
ing on and off, the same periodical change can be seen on
the moving average of the centroid coordinate. The low-
frequency change that is noticeable over the whole span
of the data can be caused by the thermal expansion of the
camera/generator holders, local temperature changes, or by
a different, yet unknown factor.

The relative movement from the original position was
also investigated. The motorized stage with the camera was
moved for 15 µm. When it was in place the data acquisition



started for 20 seconds. We decided to use the GCoG algo-
rithm to obtain the centroid position by analyzing 3 frames
per second. The average standard deviation of the data in
each position was 1.2 µm. All values greater than 2σ were
marked as noise and the rest of the data was averaged to
obtain an average value of the position. This process was
repeated several times.

Figure 8: X-centroid coordinates obtained by GCoG while
moving the camera for 15 µm.

We were able to reconstruct the relative movement of
15 µm multiple times with an error of ±1.3 µm. The 1°
misalignment of the setup means that the movement will
not be completely perpendicular to the line, hence the sys-
tematic error is introduced. However, by simple trigono-
metric calculation, we can conclude, that this systematic
error will be in the order of nm.

Results show that the refractive index oscillations of the
propagation media caused by temperature instabilities, air
fluctuations, and other variables represent a problem in fu-
ture long-distance alignment applications as expected. We
propose propagating the laser inside a tube, ideally under a
vacuum, to obtain even better results.

CONCLUSION
Multiple algorithms for centroid coordinate detection

of pseudo-non-diffractive beams, namely the BB and the
SLB, were principally explained and compared. Results
show that a preprocessing of the images is needed to obtain
precise results. For the BFA, a circular mask to filter out
the non-full ring of the beam needs to be used. The TCoG
algorithm is very prone to the value of threshold level and
background illumination changes. The GCoG has the best
trade-off between speed, precision, and gamma parameter
sensitivity for real measurements.

The potential of SLB for long-distance alignment appli-
cations was investigated. The bright central core can fit
on the camera chip after propagating over 120 m hence it
is possible to easily detect its centroid coordinates. How-
ever, it was confirmed that the atmospheric turbulence and
surrounding conditions play a major role in the beam sta-
bility and detection of the magnitude of the misalignment.
Refraction can also have a significant influence on the ref-
erence line’s straightness.

The experiment was rebuilt for a shorter distance in the

laboratory. The beam was propagated in the free space and
misalignment of 15 µm with an error of ±1.3 µm over 2 m
was detected multiple times. We propose propagating a
beam inside a tube and vacuum in future experiments to
minimize the effect of refractive index fluctuations.
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7.3 Analysis of Centroiding Algorithms for
Non-Diffracting Structured and Hollow
Structured Laser Beams

This paper explores different centroiding algorithms for detecting the alignment
reference given by SLBs and Hollow SLBs. The research is conducted on simu-
lated data. Various techniques, including center of gravity methods with gamma
correction and thresholding corrections, as well as correlation template matching,
are evaluated for their robustness and accuracy. The study also introduces a novel
polarization-based centroiding algorithm, leveraging the polarization distribution of
Hollow SLB. It also provides a deep comparative analysis of these methods under
different noise conditions, and analyzes the computational effectiveness and accu-
racy. The erratum is included, which provides additional explanation and correction
for the correlation template matching algorithms. This paper and the erratum were
published in Applied Optics (Q3, Impact Factor = 1.7).
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1. INTRODUCTION

A multi-point alignment of particle accelerator components
is a challenging task due to the need for accuracy of tens of
micrometers over hundreds of meters. The fundamental
approach of these systems involves measuring the offset relative
to a reference line. At CERN, the European Organization for
Nuclear Research, line reference systems such as a wire posi-
tioning system combined with a hydrostatic leveling system
were developed to meet tight accuracy needs [1]. While these
systems exhibit high precision, they also have limitations, such
as implementation complexities and component costs. Using
an optical-based system as a reference line serves as a potential
alternative. Several optical-based systems for aligning structures
over long distances have been presented in various works [2–6].
One drawback of these systems is the relatively high diver-
gence of optical systems caused by diffraction, which makes the
straight-line reference measurement more challenging over long
distances.

A laser light path is typically assumed to be a straight line.
Systems with laser beams propagating in a vacuum, to minimize
the effect of refraction caused by air fluctuations, have been
developed for several accelerators. The Japanese High Energy
Accelerator Research Organization (KEK) employs mechani-
cal shutters with quadrant-photodetectors to detect the laser
propagating inside a vacuum tube [2]. The estimated accuracy
is 100 µm over 500 m. However, the quadrant-photodetectors

have a drawback: if there is an irregularity in the laser spot shape,
the centroid detection accuracy can be strongly affected [7].

The Compact Linear Collider (CLIC) [8] is a proposed accel-
erator that is currently under study at CERN. The project has
very tight alignment tolerances of 10 µm (1σ ) over 200 m. A
LAMBDA sensor was developed for this task by Stern [9]. The
sensor’s principle involves projecting a Gaussian beam (GB)
propagating through a vacuum on a plate. The plate is placed on
a mechanical shutter that can obstruct the path of the laser. The
projection of the GB is then viewed with a camera. The center
is calculated and measured using Gaussian function fitting and
photogrammetry techniques. This system suffers from several
drawbacks. After propagating over several tens of meters, most
of the beam intensity is lost, and the ability to precisely detect the
center is compromised due to the divergence. Another source of
error arises from the photogrammetry technique used, which
induces field deformation of the captured image due to lens
aberrations. The correction of the field deformation requires
additional calculation steps.

A structured laser beam (SLB) and hollow structured laser
beam (HSLB) are pseudo-non-diffractive beams with a transver-
sal intensity profile similar to a Bessel beam (BB) of a zeroth and
first or higher orders, respectively [10–13]. They share the
properties of the BB, such as lower divergence of the central
core compared to a GB and the possibility to regenerate behind
an obstacle. The generation of such beams relies on optical
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aberrations of the optical elements used. More about the gen-
eration principle and parameter assessment can be found in
our previous works [14–17] and in the paper by Herman [18].
Propagation over 900 m was recently tested with the divergence
of the central core under 0.01 mrad. Even after propagating
for several hundred meters, the central core of the beam can fit
within a reasonably sized CMOS or CCD chip, enabling direct
image capture from the chip without the need for additional
optics. Hence, there is a potential to minimize the drawbacks of
the LAMBDA sensor and other optical systems. This makes a
pseudo-non-diffractive beam-based straight-line reference sys-
tem a promising candidate for the alignment of future colliders
at CERN. These include the currently studied CLIC or Future
Circular Collider (FCC) [19].

There are several reports on using pseudo-non-diffractive
beams for alignment. The BB has been used for the alignment
of lenses by Parks [7] where the center of gravity is used with
a threshold to detect the centroid of the beam and comments
on the disadvantage of using quadrant-photodetector for the
BB centroid detection. Gale detects the center by observing a
crossed wire with a projection of the BB to align large structures
over 19 m [20]. None of these works provides a quantitative,
in-depth analysis of algorithms that can be used to detect the
BB, SLB, or HSLB centroid. Bridging this knowledge gap is
critical for quantifying the error introduced by the algorithm in
the alignment system.

Center of gravity and correlation template matching algo-
rithms are well known, and their accuracy has already been
studied for different applications such as Shack–Hartmann
sensing and image processing [21–23]. Nevertheless, these
algorithms have never been studied when applied to centroid
detection of pseudo-non-diffractive beams. This work aims to
provide an in-depth analysis of the accuracy of such algorithms
on simulated data. Additionally, a novel method for the detec-
tion of the HSLB centroid using knowledge of the polarization
distribution is presented. This is made possible by the gener-
ation principle of the HSLB that includes the non-classically
polarized field of the input beam through radial, azimuthal,
or spiral polarization. The resulting data give a perspective on
the potential of pseudo-non-diffractive beams, particularly the
SLB and HSLB, for alignment applications. Furthermore, the
study highlights the pros and cons of the algorithms for centroid
detection in specific conditions.

2. METHODOLOGY

A. Weighted Center of Gravity Algorithm

The weighted center of gravity (WCoG) algorithm, the
so-called first moment weighted by intensity, is not com-
putationally expensive and reaches sub-pixel accuracy. The
centroid coordinates x̄ and ȳ are calculated as

x̄ =

∑xmax
x=0

∑ymax
y=0 I (x , y )x∑xmax

x=0

∑ymax
y=0 I (x , y )

, (1)

ȳ =

∑xmax
x=0

∑ymax
y=0 I (x , y )y∑xmax

x=0

∑ymax
y=0 I (x , y )

, (2)

where I (x , y ) is the intensity distribution at a given pixel row x
and column y of an image.

The preprocessing of an image can reduce noise in the image
and increase the accuracy of WCoG algorithms. This paper used
thresholding and gamma correction, referred to as the TCoG
and GCoG, respectively.

The TCoG algorithm uses the thresholding function
T(x , y ), which sets the pixel value to zero when its intensity
is lower than the threshold level t after background subtraction:

T(x , y )=
{

I (x , y ), I (x , y )≥ t
0, I (x , y ) < t . (3)

In the case of GCoG, a non-linear relationship between pixel
intensity levels using function Gcorr was introduced. Hence,
low-intensity values are lowered, and high-intensity values are
enhanced:

G corr(x , y )= Imax

(
I (x , y )

Imax

)γ
. (4)

As the value of the gamma parameter γ increases, the cur-
vature and the gradient of the curve become more significant,
hence the more prominent the relative difference between
the low- and high-intensity levels. In other words, higher γ
values make the bright parts even brighter and the dark parts
even darker, emphasizing the differences. Lower γ values have
the opposite effect, making the image appear more uniform
in intensity. Hence, in the gamma-corrected image, only the
brightest pixels of the inner core will be visible [24].

B. Correlation Template Matching Algorithm

The correlation template matching algorithm (CORR) calcu-
lates a normalized 2D correlation function C(u, v) between
a squared 2D Gaussian function template t(x , y ) and the
intensity distribution [25]:

C(ux̄ , ȳ )=

∑
x ,y

∣∣I (x , y )− Iu,v

∣∣ [t (x − x̄ , y − ȳ )− t̄
]{∑

x ,y

∣∣I (x , y )− Iu,v

∣∣2 ∑
x ,y

[
t (x − x̄ , y − ȳ )− t̄

]2

}0.5 .

(5)
Here t̄ is the mean of the template intensity and Iu,v is the

mean of the intensity distribution in the region under the fea-
ture. The input parameters of the algorithm are the size of the
side of the squared template Sc and the standard deviation of the
Gaussian function STDc , which affects the shape of the func-
tion. A Gaussian interpolation is applied to obtain sub-pixel
results. An in-depth explanation of the sub-pixel extraction and
the formula can be found in the paper from Li et al . [23]. Note
that for the HSLB, the Gaussian template has inverted intensity
values to match the HSLB core.

C. Polarization Algorithm

If one assumes a radially polarized input beam to produce the
HSLB, a polarimetric centroid detection algorithm (POL)
developed in this paper can be used. Polarimetric measurement
allows Stokes parameters to be obtained [26]. Knowing these
parameters, a polarization ellipse orientation angle ψ can be
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Fig. 1. S0, S1, S2, and S3 represent normalized Stokes parameters of HSLB with radial polarization distribution.ψ represents orientation angle of
polarization ellipses.

determined; see Fig. 1. For each interval (ψi , ψi+1) spaced
by π

180 rad, pixel coordinates (x p , y p) were found with the
corresponding value of the polarization ellipse orientation
angle:

Pi (x p , y p) ∈ (ψi , ψi+1), where ψ ∈
(
−
π

2
,
π

2

)
and i = 1, 2, . . . , 180. (6)

Every set of Pi coordinates was fitted with the linear equation

y i = p1xi + p2. (7)

To preserve the stability of evaluation, the coefficient of deter-
mination R2 was required to be higher than 0.996. Only fitted
lines in the following interval are considered to fulfill those con-
ditions:

ψ ∈

(
−

4π

9
,−

π

18

)
∪

(
π

18
,

4π

9

)
. (8)

The centroid coordinates x̄ and ȳ of the HSLB are found as
the intersection of fitted lines fulfilling the condition in Eq. (8).
The number of lines p lines can be altered by changing the spacing
of the interval.

D. Simulation Parameters

A comprehensive analysis of centroiding algorithms on sim-
ulated data is presented. The data used for the analysis were
generated through numerical simulations utilizing custom-
developed software. The simulation involved tracing rays
through the generator, consisting of a 5 mm ball lens made of S-
LAH79 Ohara glass with a refractive index of approximately two
for a wavelength of 632.8 nm, which is the wavelength of the
laser source used. A plano–convex projection lens, constructed
with Schott N-BK7 glass, was utilized, having a diameter of
25.4 mm and a radius of curvature of 25.8 mm. The distance

between the lenses was set to be LPL = 96.8 mm. The input
field of the SLB was linearly polarized, while for the HSLB, it
was radially polarized. The scheme of a generator can be seen in
Fig. 2.

For long-distance applications, where the beam can travel
hundreds of meters, detecting the centroid position at multi-
ple points, each at a different distance, is necessary. Hence,
it is crucial to evaluate the performance of the algorithms for
beams with various core sizes due to divergence. A numerical
calculation of a Fresnel diffraction integral was performed for
the traced field directly behind the generator and propagated
to distances from 2 to 102 m with a step size of 2 m to generate
intensity distributions in different distances. This resulted in 51
intensity distributions that were subjected to subsequent analy-
sis. The virtual camera chip had dimensions of 10× 10 mm,
with 2001× 2001 pixels (px). The intensity distributions with
the corresponding diagonal line intensity profiles and core sizes
at 102 m can be seen in Fig. 3. For the SLB, the core size was
defined as the radius of the first dark circle surrounding the
central core. For the HSLB, it is the radius of the most intense
part of the first ring.

Fig. 2. Schematic of an SLB generator.
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Fig. 3. (a) Simulated SLB intensity distribution at 102 m. (b) Simulated HSLB intensity distribution at 102 m. (c) SLB’s diagonal line intensity
profile with the core size definition indicated in red. (d) HSLB’s diagonal intensity line profile with the core size definition indicated in red.

A rectangular region of interest (ROI) measuring
1501× 1501 px was extracted from each simulated inten-
sity distribution. The corresponding position of the centroid for
both the ROI and the beam was then established. Subsequently,
a sub-pixel shift of 0.31 px was introduced in both axes for the
ROI centroid using bicubic interpolation to displace the beam
and ROI centroid relatively. This means that the position of the
beam centroid was never precisely in the middle of the pixel.
Hence, the symmetry did not artificially improve the results.
Applying these measures accounted for real measurement
conditions. Consequently, the centroid coordinates for both
axes were adjusted to 751.31 px. Shifting the beam to different
positions within the ROI was tested without affecting the overall
results.

The algorithms underwent various testing methodolo-
gies, including evaluations of accuracy, time span, robustness
to intensity noise, and sensitivity to parameters such as t , γ ,
STDc , Sc , p lines. All parameter values were determined based on
empirical observations derived from previous experiments.

The accuracy assessment involved defining an absolute error
(AE) as the absolute difference between the known position of
the beam centroid and its corresponding position detected by
the algorithm. A mean absolute error (MAE) with a standard
deviation of the AE values (STDe ) was calculated by averag-
ing the absolute error values across all core sizes in both axes
to obtain a measure of overall accuracy. Analyzing the time
span entailed modifying the region of interest (ROI) size and
evaluating the accuracy and time required to analyze a sin-
gle intensity distribution by each algorithm. This process is
referred to as windowing. The noise was introduced by adding
Gaussian white noise, which was employed to analyze the noise
robustness of the algorithms, characterized by a mean value

and a variance denoted as varnoise. During actual measure-
ments, the signal-to-noise ratio (SNR) values are high, meaning
that the beam is easily visible due to the possibility of controlling
the laboratory condition in our particular case. The values of
varnoise were chosen based on the empirical observation and are
therefore relatively low. Note that there will be no investigation
of algorithm failure due to noise since this requires more than
an order of magnitude higher varnoise values. The sensitivity to
parameters t , γ , STDc , Sc , p lines was compared by examining
the mean and standard deviation of detected center positions
(STDp ) with different parameter values.

3. RESULTS

A. Effect of the Core Size

In Figs. 4(a) and 4(b), the absolute error (AE) of the SLB and
HSLB centroid detection for different algorithms and various
sizes of the central core is presented. The values of the parame-
ters t , γ , STDc along with the mean absolute error (MAE) for
the SLB algorithm can be found in Fig. 4(c). Similar values for
the HSLB, including p lines, are provided in Fig. 4(d). It is crucial
to note that Sc was set to be equal to the core size. The image data
used for analysis were free of noise.

The AE generally goes down as the core size increases for all of
the algorithms. The TCoG algorithm has a linearly decreasing
trend with the MAE values for both beams in the order of hun-
dredths of a pixel. The CORR is exponentially decreasing for
both beams together with the GCoG for the SLB. The AE for
CORR remains below 1e-2 px for a core size of 50 px and reaches
the order of 1e-6 px for larger core sizes in both beams. The
values repeat themselves for the GCoG in the case of the SLB.
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Fig. 4. (a) AE of the algorithms detecting the centroid of the SLB in noiseless intensity distributions with the pixel size of a core. The change of the
core size is caused by the increasing camera distance from 2 to 102 m. Zoom in on GCoG and CORR. (b) AE of the algorithms detecting the cen-
troid of the HSLB in noiseless intensity distributions with the pixel size of a core caused by the camera distance varying from 2 to 102 m. Zoom in on
GCoG, CORR, and POL. (C) MAE and t , γ , STDc parameters used for SLB centroid detection. (D) MAE and t , γ , STDc , p lines parameters used for
HSLB centroid detection.

For the HSLB, the GCoG, and the POL, the AE has a slightly
linearly increasing trend with core size with the MAE equal to
1.24e-4 and 1.51e-3 px, respectively.

For short-distance alignment applications, it is crucial to
ensure that, due to the small size of the core, the resolution
is adequate for the required level of accuracy. It is worth not-
ing that the GCoG algorithm seems to have the lowest AE
values for beams with core sizes smaller than 150 px for both
beams and has an overall best performance for the SLB. The
best-performing algorithm for the HSLB seems to be the
CORR.

B. Windowing and Time Span Analysis

The AE of the SLB and HSLB centroid detection for a single
intensity distribution at a distance of 102 m is shown for differ-
ent sizes of ROI. The ROI sizes ranged from 15 to 750 px, while
the core size of the SLB was fixed at 1056 and 811 px for HSLB.
The parameters t , γ , STDc , p lines used are similar to the ones
in Figs. 4(c) and 4(d). If the ROI size was smaller than the core
size, the parameter Sc was set to be two pixels smaller. The image
analysis was conducted on noiseless data.

For the SLB, as presented in Fig. 5(a), the AE decreases as the
ROI size increases for all algorithms before hitting a plateau.
The TCoG algorithm exhibits an AE in the order of tenths of
a pixel, which drops rapidly after the ROI size reaches 200 px

after which AE remains in the order of hundredths of a pixel.
The GCoG algorithm demonstrates that the AE is in the order
of tenths of a pixel until the ROI size exceeds 220 px where it
reaches the AE order of 1e-6 px after hitting the plateau. The
AE of the CORR algorithm is only affected the most among the
algorithms by the changing ROI size and hits the plateau after
320 px.

The time span analysis, shown in Fig. 5(b), indicates that
the time spent calculating the centroid increases with the ROI
size for all three algorithms. For ROI sizes smaller than 200 px,
the time span of the CORR algorithm is below 0.05 s, below
5e-3 s for the GCoG algorithm, and below 5e-4 s for the TCoG
algorithm. For the 750 px ROI, the AE of the CORR algorithm
exceeds 1.64 s. For the GCoG, it reaches 0.13 s, while for TCoG,
it goes up to 0.05 s.

Similar to the SLB analysis, the AE for HSLB decreases with
increasing ROI size for all algorithms, as seen in Fig. 6(a). The
AE of the TCoG algorithm reaches up to 0.95 px and slowly
falls until it drops rapidly after the ROI size reaches 641 px.
Afterward, the AE gets to 4.97e-3 px. The AE of the GCoG
algorithm follows a similar trend, starting at 1.85 px, falling
to 2.17e-4 px after the ROI size is equal to 691 px. The AE of
the CORR algorithm starts at 0.29 px, reaching a plateau after
the ROI size is equal to 400 px. The POL algorithm is almost
unaffected by the ROI size and has the MAE value of 2.11e-3.
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Fig. 5. (a) AE of the algorithms detecting the centroid of the SLB in noiseless intensity distributions with ROI size varying from 15 to 750 px.
(b) Time span of algorithms for different sizes of the ROI.

Fig. 6. (a) AE of the algorithms detecting the centroid of the HSLB in noiseless intensity distributions with ROI size varying from 15 to 750 px.
(b) Time span of algorithms for different sizes of the ROI.

The time span analysis, shown in Fig. 6(b), exhibits similar
trends and values for TCoG, GCoG, and CORR as observed in
the SLB analysis. The POL algorithm is slower compared to the
other algorithms. The time span starts at 1.10 s for an ROI size
of 15 px and increases to 5.90 s.

The algorithms are susceptible to small ROI sizes, which
may result in a higher AE due to the exclusion of a significant
portion of the central core from the analysis. The ROI size can
be reduced without sacrificing the accuracy of each algorithm
by analyzing the point when the curve reaches the plateau
phase. Otherwise, there will be a trade-off between the time and
accuracy.

It is important to note that lowering the value of the p lines

parameter can also decrease the time span for the POL algo-
rithm, but this change may increase the AE. Further analysis
of this aspect will be conducted in the subsequent section. The
results also suggest that the beam center can be larger than the
chip size. However, the image’s contrast is significantly reduced,
and the centroid position analysis can be challenging during an
actual measurement.

C. Sensitivity to the Change of Algorithm
Parameters

To determine the optimal algorithm parameter and evaluate
its sensitivity to variations, a comparison between the mean
detected centroid along the x-axis and the mean reference value,
accompanied by the standard deviation STDc was conducted.

A Gaussian white noise mask with a mean of zero and a variance
of 1e-4 was introduced, which was then applied to intensity
distributions of beams with varying core sizes. This method
ensures uniformity in the noise distribution across all images,
emphasizing the algorithm parameter’s sensitivity in the out-
comes rather than susceptibility to the inherent randomness of
the noise. The known reference position of the centroid along
the x-axis was established at 751.31 px.

Figures 7 and 9 depict the AE values corresponding to various
core sizes. Additionally, Figs. 8 and 10 furnish the mean and
standard deviation (STDc ) values for the detected x-coordinates
of SLB and HSLB, respectively. In the case of the TCoG algo-
rithm, the parameter t was calculated as t = ct · Imax, with values
of ct being 0.65, 0.7, and 0.75 for SLB, and 0.4, 0.5, and 0.6 for
HSLB. As for the GCoG algorithm, the parameter γ was con-
sistently set to 3, 4, and 5 for both types of beams. The template
size d Sc was varied by γ ± 4 px, and STDc was established at
50, 100, and 150 for both SLB and HSLB.

For the SLB, the mean closest to the reference value for the
TCoG was achieved with ct = 0.7, resulting in a difference of
the mean equal to 1.04e-3 px relative to the reference value,
together with the smallest STDp relative to the other values,
equal to 2.03e-2 px. The mean closest to the reference value for
the GCoG, with a difference of 1.01e-3 px and with the smallest
STDp of 5.94e-4 px, were both observed for γ = 4. For the
CORR algorithm, the most precise results were obtained with
the precisely measured core size together with STDc = 100,
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Fig. 7. Detected x-coordinate positions of the SLB for the beams with different core sizes with different values of the algorithm parameters.
(a) TCoG with changing ct , (b) GCoG with changing γ , (c) CORR with changing d Sc , and (d) CORR with changing STDc .

Fig. 8. Mean and STDp values of the detected x-coordinates for different values of the algorithm parameters. (a) TCoG with changing ct ,
(b) GCoG with changing γ , (c) CORR with changing d Sc , and (d) CORR with changing STDc .

with a difference of the mean equal to 1.05e-3 px and the STDp

of 9.03e-3 px.
For the HSLB, the mean closest to the reference value for

the TCoG, with a difference of 1.24e-3 px, was observed for
ct = 0.4, along with the smallest STDp of 1.20e-3 px. For
the GCoG algorithm, the mean with a difference of 1.12e-
3 px, and the smallest STDp of 9.20e-3 px were obtained
with γ = 4. The most precise results for the CORR algo-
rithm were obtained with the precisely measured core size,
with a difference of the mean equal to 1.02e-3 px and the
STDp of 1.10e-2 px using STDc = 100. Increasing the p lines

parameter for the POL algorithm improves accuracy and

reduces the STDp . When p lines = 50, the mean and refer-
ence value difference is 1.02e-3 px, with an STDp value of
1.70e-2 px.

Using a sub-optimal parameter value for each algorithm can
lead to elevated AE and a reduction in overall robustness. It is
observed that the CoG algorithms appear to exhibit greater
sensitivity to the parameter selection compared to the CORR
algorithm for both types of beams, with the exception of the
GCoG, which demonstrates the least susceptibility to the choice
of the parameter in the case of the SLB. Regarding the POL
algorithm, a reduction in the number of p lines enhances the algo-
rithm’s speed, offering advantages in high-speed applications.
The time span of the algorithm was linearly increasing with the
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Fig. 9. Detected x-coordinate positions of the HSLB for the beams with different core sizes with different values of the algorithm parameters.
(a) TCoG with changing ct , (b) GCoG with changing γ , (c) CORR with changing d Sc , (d) CORR with changing STDc , and (e) POL with changing
p lines.

number of lines used from 1.2 to 5.9 s. However, this also results
in an increase in AE. Using p lines = 50 yielded satisfactory
results in terms of the AE.

D. Noise Influence

The impact of noise was investigated by systematically varying
the varnoise of Gaussian white noise while keeping the mean
value at zero. Twenty intensity distributions were analyzed, and
the mean of the AE was taken for each core size to mitigate the
random effects of noise. The error bars are not shown in the
graphs, as the standard deviation of the data was lower by one
order of magnitude.

For the SLB, the results of TCoG, GCoG, and CORR
algorithms with varnoise values of 1e-4, 5e-4, and 10e-4 can be
observed in Fig. 11. The mean absolute error (MAE) and stand-
ard deviation of error (STDe) values are presented in Fig. 12. As
varnoise increases, both MAE and STDe show an upward trend
for all algorithms. This behavior is also evident in the graphs as
the curves shift towards higher absolute error (AE) values and
exhibit increased oscillations. The MAE is generally in the order

of 1e-2 px for all algorithms. For core sizes larger than 500 px,
CORR exhibits similar MAE values to GCoG. However, for
smaller core sizes, both AE and oscillations increase signifi-
cantly, especially for varnoise = 10e-4, where AE exceeds 0.1 px
for several ROI sizes, representing the highest value among all
algorithms.

For HSLB, the results of TCoG, GCoG, and CORR algo-
rithms with varnoise values of 1e-4, 5e-4, and 10e-4 can be seen
in Fig. 13. The MAE and STDe values are presented in Fig. 14.
Like SLB, increasing varnoise leads to higher MAE and STDe,
as evident from the graphs with curves shifting towards higher
AE values and increased oscillations. The MAE is generally
in the order of 1e-1 px for all algorithms, except for GCoG,
which achieves a minimum of 3.91e-3 px for varnoise = 1e-4,
7.92e-3 px for varnoise = 5e-4, and for CORR, which achieves a
minimum of 5.32e-2 px for varnoise = 1e-4. Except for CORR,
all algorithms perform significantly worse for small core sizes,
particularly with varnoise values of 5e-4 and 10e-4. In these cases,
there is an exponential decrease in performance with core size.

In the majority of cases, algorithms have lower AE for bigger
core sizes. The results indicate that for SLB, GCoG is the least
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Fig. 10. Mean and STDp values of the detected x-coordinates for different values of the algorithm parameters. (a) TCoG with changing ct ,
(b) GCoG with changing γ , (c) CORR with changing d Sc , (d) CORR with changing STDc , and (e) POL with changing p lines.

Fig. 11. AE of the (a) TCoG, (b) GCoG, and (c) CORR detecting the centroid of the noised SLB intensity distributions with the varnoise equal to
1e-4, 5e-4, and 10e-4 px and the size of the core in pixels caused by the camera distance increase from 2 to 102 m.

affected by noise influence, while CORR performs as well as

GCoG for core sizes larger than 500 px. TCoG is the most

susceptible to noise among the algorithms. For HSLB, all algo-

rithms, except CORR, exhibit significantly poorer performance

for small core sizes. This makes CORR the most consistent

algorithm, GCoG the least sensitive to noise, and the POL

algorithm the most affected by noise.

4. DISCUSSION

The results indicate that the GCoG algorithm is the least
affected by algorithm parameter choice and exhibits the highest
overall accuracy for SLB. It also demonstrates robustness to
noise. For the HSLB, the GCoG algorithm is relatively more
sensitive to the choice of the γ parameter. When selected appro-
priately, it remains the least susceptible to noise, except for core
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varnoise MAE [px] STDe [px]

1e-4 3.99e-2 7.10e-3

5e-4 5.87e-2 8.80e-3

10e-4 7.31e-2 1.23e-2

(a)

varnoise MAE [px] STDe [px]

1e-4 9.50e-3 1.40e-3

5e-4 2.26e-2 4.20e-3

10e-4 3.25e-2 5.10e-3

(b)

varnoise MAE [px] STDe [px]

1e-4 1.41e-2 6.70e-3

5e-4 3.06e-2 1.42e-2

10e-4 4.67e-2 2.60e-2

(c)

Fig. 12. MAE and STDe values for the (a) TCoG, (b) GCoG, and (c) CORR detecting the centroid of the noised SLB intensity distributions with
the varnoise equal to 1e-4, 5e-4, and 10e-4 px.

Fig. 13. AE of the (a) TCoG, (b) GCoG, (c) CORR, and (d) POL for detected centroid positions of the noised HSLB intensity distributions with
the varnoise equal to 1e-4, 5e-4, and 10e-4 px and the size of the core in pixels caused by the camera distance increase from 2 to 102 m. Note that the y-
axis scale in (d) is three times higher.

sizes smaller than 30 px. In this case, the CORR algorithm per-
forms better, although its performance is slightly worse for larger
core sizes. For SLB, the CORR algorithm shows comparable
accuracy to GCoG for core sizes larger than 500 px but performs
significantly worse for small core sizes. Additionally, the CORR
algorithm consistently exhibits robustness to the choice of Sc

and STDc parameters for both beams.
In comparison, the TCoG algorithm performs with lower

accuracy than the GCoG and CORR for both beam types and
is also sensitive to the choice of the t parameter. It exhibits sig-
nificantly poorer performance for HSLBs with small core sizes,
especially for varnoise equal to 10e-4. The POL algorithm is the
most noise-sensitive and yields the lowest accuracy among the
algorithms, particularly for small core sizes.

The CoG-based algorithms are considerably faster than
CORR and POL, especially when working with high-resolution
images. However, the speed of CORR and POL can be increased
through windowing without compromising algorithm accuracy.
The speed of the CORR algorithm can be enhanced to match
the level of CoG-based algorithms. On the other hand, the POL
algorithm exhibits significantly lower speed even for small ROI
sizes. The speed of CoG-based algorithms can also be improved
by windowing but requires a sufficiently large window size to
maintain accuracy.

Overall, the centroid-detection-based algorithm errors are
approximately one order of magnitude smaller for the SLB than
the HSLB when considering noise. The induced error for SLB
ranges around 1e-2 px for most algorithms and noise values,
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varnoise MAE [px] STDe [px]

1e-4 6.11e-2 2.64e-2

5e-4 1.24e-1 4.73e-2

10e-4 1.86e-1 1.17e-1

(a)

varnoise MAE [px] STDe [px]

1e-4 3.91e-2 5.70e-3

5e-4 7.93e-2 2.28e-2

10e-4 1.48e-1 7.47e-2

(b)
varnoise MAE [px] STDe [px]

1e-4 5.32e-2 1.89e-2

5e-4 1.19e-1 3.67e-2

10e-4 1.73e-1 5.68e-2

(c)

varnoise MAE [px] STDe [px]

1e-4 1.37e-1 1.48e-1

5e-4 4.99e-1 3.89e-1

10e-4 7.66e-1 6.80e-1

(d)
Fig. 14. MAE and STDe values for the (a) TCoG, (b) GCoG, (c) CORR, and (d) POL detecting the centroid of the noised HSLB intensity distri-
butions with the varnoise equal to 1e-4, 5e-4, and 10e-4 px.

while for the HSLB, it is in the order of 1e-1 px. This discrep-
ancy may be attributed to the higher contrast between the core
and rings in SLB. CoG-based algorithms only utilize the core
of the SLB for detection and rely on the first bright ring of the
HSLB, resulting in a smaller area and reduced sensitivity to
intensity noise. Even though the POL algorithm performs worst
relative to the others, the results suggest that it can be success-
fully employed in low-noise conditions, where the polarization
analysis for centroid detection is favorable, for example, when
only part of the beam is visible on the chip or where the inten-
sity is not uniform but where the polarization distribution is
preserved.

These results indicate the potential of an SLB and an HSLB
for long-distance accelerator alignment, where the required
accuracy is typically in the micrometer or tens of micrometer
range. It suggests that centroiding algorithms will not be the
primary or decisive source of error in the case of relatively high-
SNR applications such as accelerator alignment, where the
measurement conditions can be controlled.
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1. CORRELATION TEMPLATE MATCHING
ALGORITHM

In order to make the Eq. (5) in the original paper [1] clearer, the
indexing of the variables was corrected. Normalized 2D correla-
tion function C(x̄ , ȳ ) between a squared 2D Gaussian function
template g t(x , y ) and the intensity distribution I (x , y ) is
calculated as

C(x̄ , ȳ )

=

∑
x ,y |I (x , y )− Iu,v|[g t(x − x̄ , y − ȳ )− g t ]{∑

x ,y |I (x , y )− Iu,v|
2
∑

x ,y [g t(x − x̄ , y − ȳ )− g t ]
2
}0.5 .

(5)

where g t is the mean of the template intensity and Iu,v is the
mean of the intensity distribution in the region under the fea-
ture. The input parameters of the algorithm are the size of the
side of the squared template Sc and the standard deviation of the
Gaussian function STDc .

REFERENCE
1. M. Dusek, E. Roikova, D. Mergelkuhl, et al., “Analysis of centroiding

algorithms for non-diffracting structured and hollow structured laser
beams,” Appl. Opt. 63, 263–274 (2024).
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7.4 Generation of Symmetrical Optical Caustic
Beams for Precise Alignment

This conference paper presents the first ideas behind generating LBs using cylin-
drical lenses. It explores the beam characteristics and optimization for long-distance
propagation supported by both theoretical modeling and experimental validation.
It demonstrates the tunability of beam properties to meet the requirements of
long-distance alignment systems. Additionally, it experimentally analyzes the pre-
cision of algorithms for detecting an alignment reference plane. These results were
presented at the 15th International Particle Accelerator Conference in Nashville,
USA (IPAC2024) [119]. Note that use of the detection algorithms on experimental
data of LBs was also presented in the proceedings of the International Workshop on
Accelerator Alignment held in San Francisco, California, USA (IWAA2024): “Layer
beams and their prospect for long-range alignment” [63].
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Abstract
Generating layers of symmetrical optical caustic beams

using a specific configuration of cylindrical lenses is an inno-
vative idea with potential application in precision alignment
and other fields. The technique allows the generation of
layers of non-diffracting beams with opposite accelerating
directions. This approach can be extended in two dimensions
or to create rotationally symmetric beams. Prior methods
have produced similar beams using spatial light modulators,
but the presented approach with cylindrical lenses reduces
setup complexity and cost, thereby opening the possibility
for new applications. In the context of particle accelerators,
these include particle acceleration using high-power lasers
and alignment of accelerator components. The presented
research emphasizes the possibility for this technique to be
used as a reference line for precise alignment. It allows the
generation of reference lines with a thickness in the order
of millimeters for distances of tens to hundreds of meters,
which is advantageous for large accelerator facilities. A brief
description of the sensors used to detect misalignment is
also presented.

INTRODUCTION
The phenomenon of optical caustics manifests itself when-

ever light interacts with curved surfaces, either through re-
flection or refraction [1, 2]. Optical Caustic Beams (OCB)
are characterized by wavefronts that result in beam tra-
jectories causing interference effects which lead to non-
diffractive-like properties.

The discovery of Airy Beams (AiB) [3], exhibiting a cu-
bic phase and odd symmetry, initiated the research field of
caustic beams. This exploration led to the identification of
Symmetric Airy Beams [4] and Symmetric Pearcey Gaus-
sian Beams [5]. These symmetric beams, distinguished by
their phase profiles with even symmetry, with cubic phase
for the former and with quadratic phase for the latter, have
opened new avenues for research. OCBs find applications
in particle manipulation [6], acceleration [7], and material
processing [8].

Current methods for generating these beams typically
involve the use of a spatial light modulator (SLM) to encode
the phase profile desired, combined with a lens for spatial
Fourier transformation. Various other techniques employ
specialized optical components [9, 10]. Recent studies have

∗ martin.dusek@cern.ch

explored the feasibility of generating non-symmetrical AiBs
using readily available cylindrical lenses.

At CERN, there is a significant focus on researching non-
diffractive beams for their potential in aligning accelerator
components [11–15] and particle acceleration [16], due to
unique properties such as low divergence and longitudinal
polarization. This contribution focuses on the use of such
beams for alignment of accelerator components with respect
to a reference line or a plane over long distances. More about
the alignment process and about the current state-of-the-art
can be read in the work of Mainaud Durand [17].

Given the vast scale of the CERN accelerator complex,
there is a need for a simple, scalable, and cost-effective
method for generating such beams. This study proposes
the use of plano-convex cylindrical lenses to generate layers
of OCBs with even phase symmetry, referred to as Layer
Beams (LB). The flexibility of this approach is demonstrated
by showing how beam properties can be tailored to generate
beams that serve as the reference plane for alignment over
140 m.

Figure 1: Layer Beam generator.

METHODOLOGY
Layer Beam Generation Principle

The generation of a LB involves a series of cylindrical
lenses as seen in Fig. 1. The initial lens, referred to as
the phase lens (PhL), is illuminated by a Gaussian beam.
Functioning similarly to the spatial light modulator, the lens
serves as a phase modulator. The phase of the light under-
goes spatial Fourier transformation by the projection lens
(PL), which leads to a change of the wavefront directly be-
hind the PL. The line profile of the wavefront can be de-
scribed by a summation of second-order and fourth-order
polynomials. The distance between the lenses (LpL) dictates
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Figure 2: Illustration of the shape of an LB wavefront.

whether the beam will propage to infinity or only over a lim-
ited distance. This phase modulation occurs within a specific
range of distances behind the phase lens, which is unique to
each lens and determined by factors such as refractive index
and focal length. An illustration of the shape of an infinitely
propagating LP wavefront can be seen in Fig. 2.

It is important to note that a relatively short focal length
for the phase lens is necessary to achieve the desired phase
modulation. A focal length of 5.79 mm was used in our case.
The focal length of the projection lens was 100 mm. The
LpL distance was optimized for 140 m propagation, matched
to the length of our testing facility. It was ensured that the
essential part of the transversal profile of the beam was
visible on a camera chip of 14.57 × 12.6 mm.

Adding an additional lens rotated perpendicular to the
original in front of the phase lens, increases the length of the
pattern. This technique was used in this paper to generate
the LB. The rotated lens had the same parameters as the
phase lens.

Note that using round lenses with rotational symmetry
leads to rotationally symmetric beams with a bright core in
the middle such as the Structured Laser Beam [14].

Misalignment Detection
In order to detect the reference plane of the LB, a weighted

center of gravity algorithm (first moment weighted by in-
tensity) is used to calculate a centroid coordinate from each
row of pixels. The centroid coordinate x of the row intensity
vector I(x) is calculated as:

 = ∑=0 ()∑=0 () (1)

The thresholding function sets the pixel value to zero
when its intensity is lower than the threshold level, and is
used to preprocess the intensity vector. The threshold level
was set equal to 20% of the maximum intensity of the I(x).

RESULTS
Long Distance Propagation

The LB propagation was simulated in the commercially
available software VirtualLab Fusion. The simulated longitu-
dinal and transversal profiles can be seen in the Figs. 3 and 4
respectively. The LB propagation was set to be 140 m and
the transversal intensity was detected at 2, 15, 33, and 140 m.

Figure 3: Simulated longitudinal profile of the LB. Contrast
enhanced.

The intensity distribution changes rapidly over the first
20 m, but at a distance of 30 m is composed of only three
lines. After this distance the pattern does not change but the
lines diverge. At 140 m only the central line of the pattern
is visible on the detection area.

(a) 2 m (b) 15 m

(c) 46 m (d) 140 m

Figure 4: Simulated transversal profiles at distances of
(a) 2 m, (b) 15 m, (c) 46 m and (d) 140 m

A generator with the same properties used for the simula-
tions was constructed, with the resulting beam propagated
over 140 m. The measured transversal profiles are shown in
Fig. 5. A clear resemblance to the simulation can be seen.
The beam is optimized such that the central part of the pat-
tern is visible on the camera, to allow the reference plane to
be detected. Even though the decrease in contrast is evident
at 140 m, it was still possible to detect the reference plane.

Misalignment Detection
Transversal intensity distributions of different LB patterns

measured at 9 m and 52 m were analyzed using the centroid-
ing algorithm, with the results shown in Fig. 6. The centroid
from each row is plotted in red, with the fitted average shown
in yellow. The algorithm’s performance decreases as the
number of lines in the image increases. This is seen through
the higher spread in centroid points along the fitted average.
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(a) (b)

(c) (d)

Figure 5: Measured transversal profiles at distances of
(a) 2 m, (b) 15 m, (c) 46 m and (d) 140 m

(a) (b)

Figure 6: Measured transversal profiles at a distance of
(a) 9 m and (b) 52 m analyzed using the centroid algorithm.
Red points represent the centroid found for each row, the
yellow line the least squared fit of these centroids.

To test the algorithm and its ability to detect misalignment
in accelerator components, the LB was propagated inside
the pipe over 2 m to mitigate the influence of atmospheric
fluctuations in refractive index on the stability of the beam.
For future system it is foreseen that the beam will propagate
in vacuum so that this effect can be completely neglected.
For this test the camera chip was located at the end of the
pipe and mounted on a motorized linear stage as illustrated
in Fig. 7. The repeatability of the stage movement was in
the tenths of µm. The chip was moved perpendicularly to
the beam by a known amount, to simulate the misalignment
of a component, and this misalignment was simultaneously
evaluated using the beam displacement analysis. The chip
stayed in one position for several seconds to further mitigate
the effect of the atmospheric disturbances by taking the mean
detected position from several frames. A projection lens with
a focal length of 75 mm was used in this case.

Figure 7: Measurement setup used for misalignment detec-
tion over a propagation distance of 2 m.

Figure 8 shows the results of the misalignment detection.
The camera was moved transversely backwards and forwards
by 10 µm several times with eight frames of data taken over

2 seconds in each position. The mean detected misalignment
was 9.67 µm with a standard deviation of 0.71 µm, with the
measurement still perturbed by atmospheric variations of
the refractive index.

Figure 8: Misalignment detection following 10 µm move-
ment of the camera.

CONCLUSION
This work reports on a study for the potential use

of pseudo-non-diffracting Layer Beams in a multi-point
straight-line alignment system for particle accelerators. A
low-cost method for beam generation was introduced and
optimized for propagation over 140 m. The algorithm for
analyzing the orientation and position of the reference plane
created by such a beam was presented and tested in the labo-
ratory.

Additional experiments will be conducted in future with
propagation in vacuum over long distances for a comparison
to current state-of-the-art alignment methods at CERN.
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7.5 Generation of Pseudo-Nondiffracting
Symmetrical Layer Beams Using Cylindrical
Lenses

This paper describes a technique for generating one- and two-dimensional LBs,
utilizing a specific configuration of plano-convex cylindrical lenses. The study presents
both theoretical modeling and experimental validation of the beam generation method.
It also describes the principle behind the beam generation in detail and facilitates
intuitive understanding. The results highlight the tunability of the beam size, prop-
agation distance, or shape of the transversal intensity distribution for the needs
of alignment systems. This paper was published in Optics Express (Q2, Impact
Factor = 3.2).
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Abstract: The pseudo-nondiffracting behavior of optical caustic beams makes them potentially
useful in precise component alignment at CERN. This paper introduces an innovative method
for generating one and two-dimensional symmetrical Airy-like beams, known as Layer beams,
utilizing a specific configuration of plano-convex cylindrical lenses. Simulations and experimental
results have validated this method, demonstrating its potential for scalable and cost-effective beam
production with tunable properties, making it practical for a wide range of scientific applications.
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1. Introduction

Optical caustic is a well-known phenomenon present in everyday life every time light is reflected
or refracted by curved surfaces [1,2]. Similarly, optical caustic beams (OCB) [3] are characterized
by wavefronts, hence ray envelopes, which cause the rays to overlap in a specific way creating
caustic beam trajectories, due to the superposition of different wavefront parts. These beams
exhibit interesting properties, including pseudo-nondiffracting behavior and the capacity for
regeneration beyond obstacles.

The behavior of OCBs can be explained by catastrophe theory, where the ray envelopes are
structurally stable singularities. It allows for the so-called fold and cusp caustics. An example
of fold-type caustics is an Airy beam [4], having the ray envelope characterized by a cubic
power. After their subsequent empirical validation [5], extensive research has been dedicated to
elucidating the properties and exploring the diverse applications of such beams. These include
light-sheet microscopy [6], particle manipulation [7], plasma channel generation [8], and other
areas [9].

Cusp-like beams are characterized by even symmetry of the ray envelope. Examples of
these beams are the symmetric Airy beams [10,11], the Pearcey-Gaussian beams [12], and the
symmetric Swallowtail beams [13]. They can be imagined as two Airy-like beams with opposing
acceleration directions.

The state-of-the-art approach to generating the aforementioned beams involves using a
Gaussian beam incident on a spatial light modulator encoded with an angular phase of the
desired beam, coupled with a lens performing a spatial Fourier transformation, or by encoding a
computer-generated hologram on the spatial light modulator [5,10,11,13]. Alternatively, diverse
methodologies utilizing specialized off-the-shelf components were shown [14–23]. Although
previous studies have reported the potential for straightforward Airy-like beam generation using

#537554 https://doi.org/10.1364/OE.537554
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standard cylindrical lenses [24–27], the generation of cusp caustic beams through a similar
approach remains unexplored, as far as our knowledge extends.

At CERN, pseudo-nondiffracting beams are currently under extensive investigation regarding
their utility in aligning accelerator components [28–31] and particle acceleration applications
[32]. OCBs, with their distinctive properties, hold promise to be used as a multi-point reference
for the alignment of accelerator parts at CERN similar to the wire positioning and hydrostatic
leveling system [33]. Our previous research focused on the use of the so-called Structured
laser beam [28,34] for this purpose, which can generate a reference line. Layer beams offer an
advantage in multi-point alignment as they create a reference plane, which can ease the detection
of multiple points at one moment in time over a long distance. Given the vast nature of the
accelerator complex, a simple, scalable, and cost-effective solution for generating such beams is
highly desirable. This paper presents a novel method for generating so-called one-dimensional
and two-dimensional beams, using various configurations of plano-convex cylindrical lenses.
These beams, referred to as Layer beams, address the specified requirements.

2. Methodology

The generation of a Layer beam involves a series of cylindrical lenses, as depicted in Fig. 1. The
initial lens in the sequence, referred to as the phase lens, is illuminated by a Gaussian beam. This
lens functions analogously to a spatial light modulator, acting as an angular phase modulator in
the spectral domain. Consequently, the light in the Fourier plane located at the focal length FPL
of the projection lens, and in the distance LPh from the phase lens, undergoes a spatial Fourier
transformation by the projection lens [35].

Fig. 1. One-dimensional Layer beam generator.

The generation principle can also be explained by analyzing the phase delay that is introduced
by the generator, which results in the creation of a so-called generating wavefront directly behind
the projection lens. This enables the intersection of rays, resulting in the creation of a beam with
desired properties through the superposition of different parts of the generating wavefront.

The Layer beams can be characterized either through the angular spectrum behind the phase
lens or by the generating wavefront directly behind the projection lens. In the context of this
paper, the generating wavefront approach is preferred in most of the explanations due to the
generation principle using cylindrical lenses, as it can be measured using a wavefront sensor.

The generating wavefront dictates the caustic structure of the beam. Its shape is influenced
by the distance LPL between the lenses and their parameters, such as focal length or refractive
index. Note that the distance LPL also determines which phase plane undergoes the spatial
Fourier transformation by the projection lens. The line profile of the generating wavefront can be
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described using the equation:

W(x) = K1x2 +

∞∑︂
m=1

Km+1x2(m+1) (1)

Equation (1) is directly related to optical aberrations induced by the lenses and by their position,
specifically, the term with the squared power relates to defocus, and higher-order even terms
correspond to various orders of spherical aberration. A change of the distance LPL influences
mainly the amount of the defocus in the system, which causes the generating wavefront to change
shape, as will become evident in the following chapters.

Equation (1) describes the line profile of the generating wavefront of Layer beams. The line
profile of the wavefront remains consistent when analyzed along the y-axis, as illustrated in Fig. 1.
Consequently, describing the beam using the line profile alone is sufficient. This results in the
formation of parallel lines in the transversal intensity distribution.

An additional cylindrical lens, rotated by 90 degrees around the optical axis, can be placed in
front of the phase lens, as shown in Fig. 2(a). This lens is referred to as the dimension lens. This
yields one-dimensional beams with the same profile of the transversal intensity distribution along
the x-axis as if the dimension lens was not used, but with significantly elongated lines along the
y-axis, as illustrated in Fig. 2(b). The length of these lines can be adjusted by varying the focal
length and position of the dimension lens along the z-axis as it alters the divergence of the beam
along the y-axis. This configuration can be beneficial in long-distance multi-point alignment
applications as the size of the reference plane generated by the beam increases.

(a) (b)

Fig. 2. (a) One-dimensional Layer beam generator with a dimension lens. (b) Simulated
one-dimensional Layer beam prolonged in the y-axis generated using a generator with the
dimension lens. A one-dimensional Layer beam is generated using the generator without the
dimension lens for comparison in the yellow rectangle.

The equation can be extended to two dimensions by superposing two one-dimensional beams
rotated by 90 degrees around the optical axis, generating two-dimensional Layer beams. Such
beams can be created using a generator consisting of two phase lenses and two projection lenses,
each additional lens rotated by 90 degrees around the optical axis, as illustrated in Fig. 3.

Extending the equations to cylindrical coordinates yields a so-called Structured laser beam
[28,34], which can be generated using lenses with rotational symmetry. This beam has an intense
central core surrounded by rings, which resembles the intensity distribution of a Bessel beam
[36]. In our previous works, the generation method using a high refractive index ball lens, as the
phase lens, together with a plano-convex lens, as the projection lens, was demonstrated.

All of the caustic beams described above can also be generated using a reflective or transmissive
optical element, which would induce a phase delay similar to that of a generating wavefront. This
could be achieved with a glass plate [16] or with a mirror [18]. However, the presented approach
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Fig. 3. Generator of two-dimensional Layer beams consisting of two phase and two
projection lenses.

using a set of lenses allows for simple tunability of beam parameters by merely changing the LPL
distance.

3. Results

3.1. Simulations

To analyze the generator and beam properties, numerical simulations were performed using
the commercially available software VirtualLab Fusion, which combines ray tracing and
electromagnetic field propagation calculations. The simulated generator consisted of a plano-
convex cylindrical phase lens with a focal length of 5.79 mm and another plano-convex cylindrical
projection lens with a focal length of 20 mm. The lens material was N-BK7 glass. A Gaussian
beam with a wavelength of 532 nm was used as a source and entered the system with a planar
wavefront.

The dependence of the coefficients K1 and K2 of Eq. (1) on the distance LPL can be seen in
Fig. 4. Only the second and fourth power coefficients in Eq. (1) were used to model the wavefront
line profile, as it yielded a sufficiently precise approximation. The line profile of the generating
wavefront together with the longitudinal intensity distribution for different distances LPL can be
seen in Fig. 5 together with transversal intensity profiles at 0.4, 0.8, 1.2, and 1.6 m away from the
generator in Fig. 6.

Fig. 4. Values of coefficients K1, K2 of Eq. (1) with respect to the LPL distance.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5. A generating wavefront with the modeled wavefront according to Eq. (1) (left)
and longitudinal intensity profile (right) for the LPL distance of (a) 24.4 mm, (b) 24.8 mm,
(c) 25.2 mm, (d) 25.6 mm, (e) 26.0 mm, and (f) 26.2 mm. The intensity was enhanced for
better visibility.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6. Transversal intensity profile of one-dimensional Layer beams at the distance of
0.4 m, 0.8 m, 1.2 m and 1.6 m from the generator for the distance LPL equal to (a) 24.4 mm,
(b) 24.8 mm, (c) 25.2 mm, (d) 25.6 mm, (e) 26.0 mm, and (f) 26.2 mm.
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The wavefront for the LPL distances equal to 26.2 and 26.0 mm is converging. The coefficients
K1 and K2 in Eq. (1) are both positive, hence the generating wavefront has no local extremes, and
the beams propagate over a limited distance. As the LPL distance increases, the beam travels over
a shorter distance due to the higher slope of the wavefront, which is caused mainly by the change
of the defocus coefficient K1. This can be seen in Figs. 5(e), 5(f), 6(e), and 6(f).

Once the distance LPL gets shorter than 25.6 mm the generating wavefront takes on a "sombrero"
shape with two local minima and local maximum at the optical axis. The local minima get farther
apart as the LPL distance shortens and the absolute phase difference between the local minimum
and maximum increases. This is caused by the fact that the defocus coefficient K1 becomes
negative and decreases as the distance LPL shortens, while the spherical aberration coefficient K2
remains positive (Fig. 4). These beams propagate to infinity (Figs. 5(a), 5(b), 5(c), 5(d), 6(a),
6(b), 6(c) , and 6(d)).

A more detailed analysis of the generating wavefront shape provides further insight into the
propagation properties of the Layer beam. It is possible to trace the rays starting from the
wavefront as according to the Eikonal equation, the rays are locally perpendicular to it [37].
Different parts of the generating wavefront are illustrated in Fig. 7. Regions of the Layer beam
along the propagation distance are shown in Fig. 8. The intensity distribution of the beam
undergoes rapid changes in the near zone, where a significant number of rays from the outer parts
of the wavefront intersect with rays from other parts of the wavefront. In this area, the beam
exhibits pseudo-nondiffracting properties and can regenerate behind reasonably sized obstacles,
provided the obstacle does not block the majority of the beam. The outer part of the beam
exhibits strong curvature. Conversely, in the diverging zone, the transversal intensity distribution
remains unchanged, only diverging as rays from regions with low wavefront gradients intersect.
The outer part of the beam straightens in this zone.

Fig. 7. Description of the generating wavefront regions.

Figures 9(a), 9(b), and 9(c) show rays originating from the generating wavefront, along with
the corresponding longitudinal profiles, for propagation distances LPL of 24.4, 25.6, and 26.0 mm,
respectively. As mentioned in the previous text, the Layer beam is composed of two Airy-like
beams with opposing acceleration directions. As the outer parts of the Airy-like beams straighten,
rays originating from inflection points begin to align with the outer parts of the beam. These rays
are plotted in red.

Figure 5 illustrates that the absolute phase difference between local minima and maxima
increases by several orders of magnitude as the distance LPL decreases. Additionally, local
minima get farther apart, although only by approximately one order of magnitude. This leads to
a steeper wavefront slope at the inflection points, resulting in an increase of the angle α (Fig. 7).
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Fig. 8. Different regions along the Layer beam propagation distance.

(a) (b) (c)

(d) (e) (f)

Fig. 9. Longitudinal profiles of one-dimensional Layer beams with rays plotted in black
along with rays originating from inflection points in red for the distances LPL equal to
(a) 26.0 mm, (b) 25.6 mm, and (c) 24.4 mm. The longitudinal profiles on one of the Airy-like
beams that form the Layer beam for the distances LPL equal to (d) 26.0 mm, (e) 25.6 mm, and
(f) 24.4 mm. The intensity was enhanced and profiles of Airy-like beams slightly zoomed in
for better visibility.
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Consequently, the outer regions of the Airy-like beams turn farther apart. The Airy-like beams
that constitute the Layer beam at the respective distances LPL are illustrated in Figs. 9(d), 9(e),
and 9(f). It is evident that the beams turn farther and farther apart from the optical axis as the
distance LPL decreases. Due to this, as the distance LPL shortens even more the contrast of the
lines decreases until it is not possible to distinguish the line pattern at the optical axis.

For the distance LPL of 26.0 mm, the beam’s wavefront is entirely converging (Fig. 5(e)), with
no local extrema or inflection points. The straight outer regions of the Airy-like beam intersect
the optical axis, resulting in a rapid loss of power in the paraxial region and preventing the beam
from propagating to infinity (Fig. 9(d)). The beam propagates only in the near zone and keeps its
pseudo-nondiffracting properties along the whole propagation length.

Simulated longitudinal profiles of finite Layer beams, generated using projection lenses with
focal lengths (FPL) of 20 mm and 40 mm, are depicted in Fig. 10. The distance LPh was fixed for
both beams at 6 mm, therefore, both beams originate from the same angular phase delay in the
spectral domain. As a result, the beams exhibit similar characteristics with finite propagation
distances but differ in spatial scaling. The spatial scaling of the Fourier transformation is
influenced by the focal length of the projection lens [35], resulting in larger spatial dimensions
for beams produced with longer focal lengths. Transversal line profiles were taken at the distance
of 0.8 m and 2.5 m, so the generated transversal pattern remained as similar as possible for both
beams. A shorter focal length of the projection lens produces a smaller overall beam with finer
features.

(a) (b) (c)

Fig. 10. Simulated longitudinal profile of finite one-dimensional Layer beams generated
using focal length of the projection lens equal to (a) 20 mm, (b) 40 mm for the LPh of 6 mm.
(c) Transversal intensity profile at the distance of 0.8 m from the generator for the focal
length of 20 mm, and at 2.5 m from the generator for the focal length of 40 mm.

When a beam propagates to infinity, the stable diverging part of the beam forms at a greater
distance for longer focal lengths of the projection lens. As a result, the pattern formed in the
diverging region exhibits smaller features. This phenomenon is particularly significant for
long-distance alignment, where propagation distances can extend to tens or hundreds of meters.
This effect is illustrated in Fig. 11, where the projection lens with a focal length of 40 mm

(a) (b) (c)

Fig. 11. Simulated longitudinal profile of infinitely propagating one-dimensional Layer
beams generated using focal length of the projection lens equal to (a) 20 mm, (b) 40 mm for
the LPh of 5.6 mm. (c) Transversal line profile at the distance of 7 m from the generator.
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produces a beam with finer features at a distance of 7 m, compared to a focal length of 20 mm.
The distance LPh for both beams was equal to 5.6 mm.

Transversal intensity profiles of a simulated two-dimensional Layer beam at the distance of 1,
1.5, 2, and 2.5 m from the generator are shown in Fig. 12. An additional phase lens with the
same parameters was added, along with a projection lens with a focal length of 50 mm, rotated
90 degrees around the optical axis (Fig. 3) with the distance LPL1 = 28.6 mm, and the distance
LPL2 = 55.9 mm. This leads to the creation of a pattern that is composed of two orthogonal Layer
beams. At 1.5 m (Fig. 12(a)), noticeable field distortion occurs due to the beam passing through
the projection lens, manifesting as curved lines in the pattern. However, this effect diminishes as
the beam propagates further.

(a) (b) (c) (d)

Fig. 12. Transversal intensity profiles of a simulated two-dimensional Layer beam at:
(a) 1 m, (b) 1.5 m, (c) 2 m and (d) 2.5 m.

The generating wavefront of the two-dimensional beam, along with simulated and modeled
line profiles according to Eq. (1), are depicted in Fig. 13. The coefficient values are K1 = -1.32e-6
and K2 = 2.20e-7 for the x-axis, and K1 = -3.43e-7 and K2 = 5.59e-9 for the y-axis. The modeled
wavefront along the x-axis does not perfectly match the simulated one due to field distortion
caused by the additional projection lens.

(a) (b) (c)

Fig. 13. (a) Simulated generating wavefront for the two-dimensional Layer beam. (b) Line
profile of the generating wavefront along the x-axis, and (c) line profile along the y-axis,
with modeled wavefronts according to Eq. (1).

3.2. Measurements

Several Layer beams were generated in the laboratory using the generator with the same parameters
as the ones used for the simulations. The phase lens with a focal length of 5.79 mm was used
together with the projection lens with a focal length equal to 20 mm. The size of the CMOS
sensor was 14.57 mm x 12.6 mm and the wavelength of the Gaussian beam was 532 nm. The
wavefront was measured using a Shack-Hartman sensor and reconstructed using an in-house
developed software [38]. The sensor was moved as close as possible to the generator, hence the
measurement of the generating wavefront was done almost directly behind the projection lens.
So-called zonal reconstruction was used which allows for reconstruction of the wavefront in the
entire microlens array [38,39].

Transversal intensity profiles of the one-dimensional Layer beam propagating over a limited
distance are shown in Fig. 14. The distance LPL was equal to 26.15 mm. Initially, a fine structure
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of lines is observed at a distance of 0.07 m (Fig. 14(a)). As the beam continues to propagate,
the number of lines decreases (Figs. 14(b) and 14(c)) until a clear structure is not visible on the
camera in 1.3 m (Fig. 14(d)), while only a low-intensity residual can be seen. The measured
generating wavefront for the aforementioned beam can be seen in Fig. 15(a) along with the line
profile together with the modeled wavefront according to Eq. (1) in Fig. 15(b). The coefficient
values K1 and K2 are equal to 0.73e-6 and 1.89e-7 respectively. The finite beam exhibits a purely
converging shape along this axis.

(a) (b) (c) (d)

Fig. 14. Transversal intensity profiles with an enhanced contrast of a one-dimensional
Layer beam propagating over a limited distance of: (a) 0.07 m, (b) 0.35 m, (c) 0.70 m and
(d) 1.3 m. The size of the image is 14.57 mm x 12.6 mm.

(a) (b)

Fig. 15. (a) Generating wavefront measured using the Shack-Hartmann sensor for the finite
Layer beam. (b) Line-profile of the generating wavefront with modeled wavefront according
to Eq. (1).

The one-dimensional Layer beam propagating to infinity is depicted in Fig. 16. The distance
LPL was equal to 25.25 mm. The number of lines changes as the beam travels in the near zone
(Figs. 16(a) and 16(b)). In the diverging zone, the pattern stabilizes, as can be seen for the
distances of 4.1 and 5.3 m (Figs. 16(c) and 16(d)). The measured generating wavefront for the
aforementioned beam can be seen in Fig. 17(a) and the line profile together with the modeled
wavefront according to Eq. (1) in Fig. 17(b). The coefficient values K1 and K2 are equal to
-0.63e-6 and 1.93e-7 respectively. The local minima in the line profile along the x-axis are
evident, the beam propagates to infinity.

The value of K1 for both one-dimensional beams is slightly outside the expected range obtained
from simulations (Fig. 4). This discrepancy may be due to the physical difficulty of measuring
the wavefront directly behind the projection lens, as there was a gap of several tens of millimeters
between the projection lens surface and the Shack-Hartmann sensor. Alternatively, it could be
due to spatial or wavefront differences between the Gaussian beam used in the simulations and
the one in the measurements.

A two-dimensional Layer beam is depicted in Fig. 18. Similarly to the simulation, an additional
phase lens with the same parameters was added, along with an extra projection lens with a focal
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(a) (b) (c) (d)

Fig. 16. Transversal intensity profiles with an enhanced contrast of a one-dimensional
infinitely propagating Layer beam at: (a) 0.3 m, (b) 1.25 m, (c) 4.1 m, and (d) 5.3 m. The
size of the image is 14.57 mm x 12.6 mm.

(a) (b)

Fig. 17. (a) Generating wavefront measured using the Shack-Hartmann sensor for the
infinitely propagating Layer beam. (b) Line-profile of the generating wavefront with modeled
wavefront according to Eq. (1).

length of 50 mm rotated 90 degrees around the optical axis (Fig. 3) with the distance LPL1 =
29 mm, and the distance LPL2 = 55.6 mm. At the distance of 0.15 m (Fig. 18(a)), noticeable field
distortion occurs because the beam passes through an additional projection lens, which manifests
itself as curved lines in the pattern. However, this effect diminishes as the beam travels further.

(a) (b) (c) (d)

Fig. 18. Transversal intensity profiles with an enhanced contrast of a two-dimensional
Layer beam at: (a) 0.15 m, (b) 0.85 m, (c) 1.10 m and (d) 1.80 m. The size of the image is
14.57 mm x 12.6 mm.

The measured generating wavefront of the two-dimensional Layer beams is depicted in
Fig. 19(a). The line profiles together with the modeled wavefront according to Eq. (1) with
coefficients values K1 = -1.14e-6 and K2 = 2.23e-7 for the line-profile along the x-axis and K1 =
-5.34e-7 and K2 = 8.43e-9 for the line-profile along the y-axis can be seen in Figs. 19(b) and
19(c) respectively. The distinctive sombrero shape of the line profile is observed along the x-axis
while only the diverging part of the wavefront is visible along the y-axis.
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(a) (b) (c)

Fig. 19. (a) Generating wavefront measured using the Shack-Hartmann sensor for the
two-dimensional Layer beam. (b) Line-profile of the generating wavefront along the x-axis.
(c) Line-profile of the generating wavefront along the y-axis with modeled wavefronts
according to Eq. (1).

Generating the two-dimensional beams, using only a single optical element that can introduce
a phase shift similar to the generating wavefront, or using a spatial light modulator would mitigate
this distortion. Nevertheless, there will be a trade-off in the cost of the setup and the tunability
of the beam parameters compared to the generation using cylindrical lenses. An alternative
approach involves combining two orthogonal Layer beams using a beam splitter, however, this
configuration imposes requirements on the precise alignment of the beams.

4. Discussion

In this study, pseudo-nondiffracting one-dimensional and two-dimensional Layer beams were
successfully simulated and generated using various combinations of cylindrical lenses. The
simulations confirmed that, depending on the generator parameters, a Layer beam can be tuned
to propagate over finite or infinite distances based on the shape of the generating wavefront. The
relationship between the generating wavefront shape and the beam’s propagation characteristics
was analyzed, revealing a connection to the propagation behavior of the two Airy-like beams that
form the Layer beam.

Most of the simulations focused on the one-dimensional beam. For beams with finite
propagation distances, the number of lines gradually decreased as the beam propagated, exhibiting
pseudo-nondiffracting properties, such as regeneration behind obstacles throughout the entire
propagation length. For beams propagating over infinite distances, the pattern stabilized after
leaving the near zone and entering a so-called diverging zone. In this case, the infinitely
propagating beam maintained a consistent transversal intensity distribution pattern that diverged
further along the propagation path, losing its pseudo-nondiffracting properties. By adjusting
the focal length of the projection lens, the beam’s spatial dimensions can be tailored to a given
distance.

The two-dimensional Layer beam, while demonstrating similar characteristics, showed initial
shape distortions due to the additional projection lens. However, these distortions became
negligible as the beam propagated further, indicating that initial aberrations introduced by optical
elements can be mitigated with sufficient propagation distance. The ability to generate such
beams with cylindrical lenses underscores the versatility and effectiveness of this approach while
maintaining a low-cost, low-complexity setup.

The propagation characteristics of the Layer beams were confirmed through measurements.
The generating wavefronts, measured using a Shack-Hartmann sensor, closely matched the
simulated wavefronts. Discrepancies between measurements and simulations may have arisen
due to spatial constraints that prevented direct wavefront measurement immediately behind the
projection lens or differences between the Gaussian beams used in the simulations and those in
the experiments.
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Overall, this work demonstrates the feasibility of generating Layer beams using cylindrical
lenses, providing a solid foundation for further exploration of these beams in various applications.
Future research will focus on developing a system that utilizes Layer beams specifically for the
alignment of accelerator components.
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7.6 First Steps Toward the Development of a
Straight-Line Reference Alignment System for
Future Accelerators at CERN Using
Pseudo-Nondiffracting Layer Beams

This paper presents the first experimental evaluation of a straight-line reference
alignment system based on LBs, specifically developed for application in particle ac-
celerator environments. The study introduces custom-designed hollow sensors, each
equipped with four linear CMOS chips and a square aperture, enabling simultaneous
multi-point measurements along the beam path without obstructing the optical ref-
erence. The hollow sensors were fiducialized using CMMs. Experimental results are
compared against laser tracker measurements. Additionally, a proof-of-concept for a
radiation-hard sensor employing an optical fiber matrix is demonstrated. The paper
was published in Measurement Science and Technology (Q2, Impact Factor = 2.7).
Note that the first conceptual ideas for LB-based alignment systems were presented
in the proceedings of the International Workshop on Accelerator Alignment held in
San Francisco, California, USA (IWAA2024): “Layer beams and their prospect for
long-range alignment” [63].
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Abstract
This paper presents experimental results that allow for the performance evaluation of a
straight-line reference alignment system based on pseudo-nondiffracting Layer beams (LBs).
Sensors, developed specifically for this system, feature four linear CMOS chips and a square
aperture. This allows for simultaneous measurements along the beam path without disrupting
the laser reference. Measurements, conducted over a distance of 2m from the first to the last
sensor, were compared with state-of-the-art alignment techniques to assess the system
performance. The alignment reference generated by the LBs exhibited a repeatability and
reproducibility root-mean-square error (RMSE) of less than 30µm. The relative alignment
precision for a known displacement was validated with a standard deviation of 4.3µm. The
results demonstrate the potential for scaling the system to longer distances. The key sources of
noise that must be addressed before such scaling can be realized are identified. Additionally, a
proof-of-concept for future development of a radiation-hard sensor utilizing optical fiber
matrices is demonstrated. The RMSE of the reference position detection introduced by the fiber
matrix remained below 1.3µm. This would allow the sensor to be used reliably in high-radiation
environments typical for accelerator facilities. This study serves as a foundational step toward
developing a straight-line reference alignment system based on pseudo-nondiffracting LBs
intended for deployment in the accelerator facilities.
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1. Introduction

1.1. Straight-line alignment systems

Achieving precise geometric configurations of particle accel-
erator components is crucial for the optimal functioning of
such complex machines. This process is known as align-
ment. Various measurement techniques, including polar meas-
urements using laser trackers or leveling methods, are
used to accurately determine the position of accelerator
components [1–3].

So-called straight-line reference alignment systems are
supplementary to the aforementioned methods and involve
measuring offsets of individually aligned elements from a ref-
erence line. The key components of these systems include
the alignment reference itself, reference points on the aligned
objects, and sensors that measure offsets from the reference
line. The requirement of modern accelerators on the straight-
line reference system is to provide alignment accuracy and
repeatability in the order of micrometers within a length of
a sliding window that is in the order of hundreds of meters
long [1, 4].

Wire positioning system (WPS) and hydrostatic leveling
system (HLS) are used in alignment monitoring in acceler-
ator facilities around the world (Fermilab [5, 6], SLAC [7]).
At Conseil européen pour la recherche nucléaire (CERN),
the straight-line alignment reference is given by the WPS’s
conductive wire. This gives the possibility to measure a ver-
tical and horizontal offset from this reference using capacit-
ive or optical sensors [8]. The vertical coordinate measure-
ment, using capacitive or optical HLS sensors, is complement-
ary and is used to calculate the catenary of the wire and link
measurements to a geoid (local reference given by a gravita-
tion field) [2, 9]. These systems can reach an accuracy of 5µm
in the local coordinate system [8]. The WPS is susceptible to
environmental perturbations such as humidity, which requires
correction by the HLS. The wire is fragile and prone to break-
ing under its own weight. These factors limit the length of
the sliding window. To overcome this, the utilization of mul-
tiple overlapping reference lines can be used, however, this can
limit the accuracy of the alignment procedure.

1.2. Optical-based straight-line reference systems

Optical-based straight-line reference systems are a viable
alternative that could provide a straight-line reference over a
longer distance than the WPS and HLS. Various optical ref-
erences have been explored in other publications, including a

Fresnel zone plate [10–12], Poisson spot [13–15], Airy pat-
tern [16–18], and Gaussian beam [19, 20].

The optical-based methods typically suffer from the non-
homogeneous refractive index of the propagation medium,
which causes the beam trajectory (the alignment reference) to
be non-straight. To meet the accuracy requirements, vacuum
pipes are used to mitigate this effect [10, 17]. An additional
limitation is beam divergence. For example, in the case of the
Gaussian beam, the divergence causes a loss of contrast in
the transversal laser profile imaged on a camera chip. This
makes the accurate measurement of the straight-line refer-
ence challenging as the dynamic range of the signal decreases.
Structured laser beams (SLBs) [21], characterized by pseudo-
nondiffracting behavior similar to that of Bessel beams, have
shown promise due to their low divergence and sharply defined
inner core, which allows for accurate detection of the refer-
ence even after propagating for hundreds of meters. The main
advantage, contrary to Bessel beams [22], is their theoretically
infinite propagation distance [4].

Nevertheless, there are practical challenges when using
SLB in a simultaneous multi-point straight-line reference sys-
tem. TheCMOSor CCD chip, which detects the position of the
reference, obstructs the beam and prevents it from propagat-
ing further. This means that a system with mechanical mov-
ing shutters must be employed to move the chip in and out
of the beam path. This can increase the cost and maintenance
needs of the system. It also increases the time needed for the
measurement. If the alignment reference is unstable during
the measurement, the accuracy will be affected. This can be
caused by an instability in the position of the SLB generator or
due to a non-homogeneous distribution of the refractive index
of the propagation medium. Both of these effects would lead
to a change in the beam trajectory.

Pellicle beam splitters can be used to mitigate this problem.
However, the non-parallelism of the beam splitter surfaces can
cause significant angular deviation of the beam over distances
of hundreds of meters [23]. This effect can spoil the straight-
ness and quality of the reference line and necessitates careful
calibration.

Layer beams (LBs) offer a promising alternative to over-
come the limitation of simultaneous multi-point measure-
ments. LBs are pseudo-nondiffracting optical beams generated
using cylindrical lenses [24]. Unlike rotationally symmetric
SLBs, LBs exhibit reflectional symmetry and produce parallel
intensity lines. This allows for simultaneous multi-point meas-
urements without fully obstructing the beam path. This capab-
ility significantly improves measurement efficiency and accur-
acy by enabling simultaneous detection of multiple points
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along the beam path. The structured pattern of LBs allows
for accurate detection of the reference even after propagating
for hundreds of meters. The principle of the alignment sys-
tem based on LBs will be described in greater detail in the
following text.

1.3. Contribution of the study

This paper presents experimental results obtained from an
LBs-based alignment system using specifically developed hol-
low sensors. The experiments evaluate the system perform-
ance over a relatively short distance of 2m by comparing it
to state-of-the-art alignment techniques. The paper aims to
confirm that the system operates reliably over this distance,
providing a necessary foundation for future scaling to the
longer distances required by LBs-based straight-line refer-
ence systems in accelerator facilities. This study also aims to
identify key problems that must be addressed prior to extend-
ing the system’s operational range to hundreds of meters.

Furthermore, recognizing the harsh radiation environ-
ment typical for accelerator tunnels, a proof-of-concept for
radiation-hard sensors is presented utilizing optical fiber
matrices for signal transmission away from radiation zones.
This innovation would ensure the long-term reliability of
sensor electronics by protecting them from radiation-induced
damage.

The presented work serves as an essential step toward
developing a robust long-distance alignment system, intended
for deployment in the accelerator facilities at CERN.

2. Methodology

2.1. Layer beams

LBs belong to the family of so-called pseudo-nondiffracting
optical beams. They are formed by the superposition of lay-
ers of two symmetrical Airy-like beams [25–28] propagating
with opposing transversal acceleration directions. This results
in a structured transversal intensity profile consisting of par-
allel lines. The structured pattern of the transversal intensity
distribution and low divergence facilitates the accurate detec-
tion of the alignment reference even after propagation over a
distance of 140m [29].

The generator of the LBs used in this study consists of a
dimensional, phase, and projection lens. This specific combin-
ation of lenses results in the creation of a so-called generating
wavefront, which in turn leads to the formation of a caustic
beam [30–34] that is responsible for the pseudo-nondiffracting
properties of the beam as illustrated in figure 1. The dimen-
sion lens is rotated 90 degrees with respect to the other two
around the optical axis, resulting in an elongation of the lines
in the transversal intensity distribution caused by an increased
divergence along the y-axis. The longitudinal propagation of
the beam can be described by a so-called near zone and a diver-
ging zone. In the near zone, the number of lines in the trans-
versal intensity distribution changes with distance due to mul-
tiple overlapping and interfering contributions from different

Figure 1. LB generator consisting of a dimension, phase, and
projection lens with an illustration of a generating wavefront that
dictates the caustic properties of the beam.

Figure 2. Horizontal LB imaged on a camera at the position of the
first sensor - 1.7m away from the generator. Diffraction patterns
caused by dust on the CMOS chip were removed in post-processing.

parts of the wavefront. In the diverging zone, the beam trans-
versal pattern does not change with distance and only diverges.
More about the generation principle and properties of the LBs
can be found in our previous work [24].

The generator of the LBs used for experiments in this study
was optimized for propagation over 3.7m. It consisted of the
dimension lens with a focal length of 50mm, and of a phase
lens and projection lens, both with a focal length of 10mm.
The lenses were made of NBK-7 glass. The distance between
the phase and projection lenses was optimized so that the trans-
versal intensity distribution in the diverging zone of the beam
consisted of a single line with small side lobes as seen in
figure 2.The input laser diode with a wavelength of 532 nm
and a power output of 0.9mW was used as a light source.

2.2. Layer beam-based alignment system

The LBs-based alignment reference relies on a reference plane
rather than a reference line. This plane is generated leveraging
the reflection symmetry of the transversal intensity distribution
along the path of the LB, as illustrated in figure 3.

In the proposed alignment system, two LBs from independ-
ent generators, one of which was rotated around the optical
axis with an angle close to 90 degrees, were combined using
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Figure 3. Illustration of an alignment reference plane created by
an LB.

Figure 4. Illustration of an alignment system based on LBs.

a pellicle beam splitter. This approach simultaneously gener-
ates two reference planes, creating a cross pattern in the trans-
versal intensity distribution, while their intersection creates the
reference line. The detection is done using a hollow sensor,
which consists of four linear image sensors and an aperture.
The sensor intercepts only a small portion of the beam cross-
section, allowing most of it to propagate further thanks to the
aperture. This ensures, together with the divergence of the
beam, that the signal can be detected on multiple measurement
points along the optical axis at one point in time.

Two points per reference plane are detected at each hol-
low sensor. A minimum of two sensors is needed to define
the reference plane, as by definition, the plane needs to be
established using a minimum of three points in space. In the
alignment configuration, the first and the last sensors define
the reference planes, and the positions of sensors in between
them are measured with respect to this reference. Translational
misalignment in both horizontal and vertical directions can be
measured. Additionally, a rotational misalignment around the
beam propagation axis (the roll) can also be determined as
illustrated in figure 4. This is an advantage compared to the
state-of-the-art straight-line alignment systems that can usu-
ally measure only in the translational directions.

Hollow sensors consisting of four linear CMOS chips
placed around a square aperture were developed for the exper-
iment (figure 5). Hamamatsu S11639-01 CMOS chips with
a quartz cover window and a protective film on the pixels

Figure 5. CAD model of the hollow sensor developed for the
detection of LBs. A photo of the sensor can be found in the
supplementary materials.

were used [35]. The sensor mount was 3D printed using
stainless steel to minimize thermal expansion effects and
increase mechanical stability compared to the materials used
for plastic 3D printing. The coefficient of thermal expansion of
the stainless steel can be 4–10 times lower, depending on the
chosen plastic [36, 37]. The mount was equipped with laser
tracker fiducial (reference) marks. A fiducialization is a pro-
cess that links the reference geometry of the sensor to the fidu-
cial marks [1]. Each sensor was placed on a three-ball kin-
ematic mount [38].

A so-called symmetry-breaking effect refers to a non-
straight alignment reference given by the laser beam caused
by the diffraction effects on the aperture [39]. The aperture
size of 75mm was used for the first and second sensors. The
last sensor had an aperture size of 40mm. In the future, the
sensors are intended for use on a 140m long testing bench.
The aperture sizes were chosen to minimize the symmetry-
breaking effects over the 140m while keeping the beam vis-
ible on all the sensors. Note that these effects are negligible on
the setup presented in this study, as the distance is significantly
shorter.

To experimentally validate the performance of the
developed sensors, a dedicated measurement setup was estab-
lished. Three sensors were arranged sequentially along the
beam propagation path as illustrated in figure 6. The first one
was positioned at a distance of 1.7m from the LB generators.
The spacing between the sensors was equal to 1m, resulting in
a total length of 3.7m from the generator to the last sensor. To
mitigate issues arising from beam propagation through a non-
homogeneous medium, a non-reflecting black pipe was placed
between the sensors. This minimized the refractive index fluc-
tuation caused by the mixing of the air in the laboratory. In
the future, we plan to propagate the LBs inside a vacuum pipe
to minimize the disturbance caused by the non-homogeneous
refractive index of the propagation medium.

2.3. Fiducialization

Before installation in the experimental setup, each sensor
underwent a metrological characterization in a dedicated
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Figure 6. Layout of the experiment. Two LBs generate the horizontal and vertical reference planes based on the readings from the CMOS
chips. A photo of the experimental setup can be found in the supplementary materials.

laboratory. The positions of the active parts of the CMOS
chips, fiducial marks, and three-ball mount interface within
a sensor’s reference frame were precisely determined in the
local Cartesian coordinate system. This characterization was
done utilizing coordinate-measuring machines (CMM) [40].
Touch and optical probes were used, resulting in a measure-
ment uncertainty of 2.5µm. These measurements provided
accurate coordinates of the pixel positions relative to the fidu-
cial targets and to the standardized three-ball mount inter-
face, ensuring the common local coordinate frame within each
sensor.

After placing the sensors in the experimental setup, a total
of 24 fiducial marks (8 on each sensor) were measured using
a Leica AT401 laser tracker from three instrument stations.
Themeasurements were linked using the unified spatial metro-
logy network (USMN) module within the commercially avail-
able Spatial Analyzer metrological software. This allowed for
the integration of all observations into a single measurement
network. The network achieved an overall root-mean-square
error (RMSE) of 0.004mm, with a maximum point residual
of 0.015mm.

To relate the local sensor coordinate systems to the global
coordinate system obtained from the laser tracker measure-
ment, best-fit transformations were performed between the
fiducial marks measured by the CMM and the laser tracker.
This allowed us to determine the absolute position of all the
active parts of the CMOS chips, fiducial marks, and three-
ball mount interfaces within a common global coordinate sys-
tem. The results are summarized in the table 1. The values of
the RMSE for all the fits were under 0.013mm with a largest
point residual value equal to 0.017mm. The global Cartesian
coordinate system was chosen to be the same as the one used
by the first laser tracker station, and the results presented are
within this coordinate system.

Table 1. Best-fit transformation results between each sensor’s local
coordinate system and the global USMN frame.

Metric Sensor 1 (mm) Sensor 2 (mm) Sensor 3 (mm)

RMSE 0.009 0.012 0.006
Maximum residual 0.011 0.017 0.008

2.4. Characterization of the alignment system

Ideally, the LB should create a perfect reference plane, ensur-
ing that all 6 points measured on all 3 sensors lie precisely
on this plane. In reality, measurement uncertainty from the
ideal plane arises due to various factors such as the dark noise
of the CMOS chips, atmospheric disturbances, and interfer-
ence on both the CMOS cover glass and the protective film
of the pixels. Assessing the quality of this reference plane is
essential because it directly impacts the precision of alignment
measurements.

Once the LB is incident on the sensors, the signal on each
CMOS chip was analyzed using a weighted center of gravity
algorithm (first moment weighted by intensity) with gamma
correction [29, 41]. This allowed for a calculation of a centroid
coordinate with a sub-pixel resolution. The gamma correction
was applied to the intensity vector I(x) before calculating the
centroid coordinate:

Gcorr (x) = Imax

(
I(x)
Imax

)γ

(1)

where Imax is the maximum intensity value. The value of
γ= 8 was used. The centroid coordinate x of the intens-
ity vector was then calculated using the center of gravity
algorithm as:
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x=

∑xmax

x=0Gcorr (x)x∑xmax

x=0Gcorr (x)
. (2)

This approach gave the absolute position of 6 points in the
global coordinate system for both horizontal and vertical dir-
ections. A plane was fitted among these 6 points, and the error
of the fit was analyzed. Several experiments were conducted
on the performance of the system:

2.4.1. Temporal repeatability. The temporal repeatability of
the quality of the alignment reference generated by the LBs
was measured by performing twenty consecutive measure-
ments for each plane spaced by one-second intervals, without
altering any system parameters.

An offset for each point from the ideal fitted plane was cal-
culated. The RMSE was determined from these offsets. This
resulted in twenty values of the RMSE, one for each measure-
ment. The mean value of the twenty RMSEs was calculated
with a confidence interval of 2-sigma. Additionally, a max-
imum offset value of the point from the ideal reference plane
was identified to illustrate the largest deviation. The samemet-
rics for error evaluation were employed to analyze the results
in the following sections 2.4.2 and 2.4.3.

2.4.2. Repeatability for different reference planes. A high-
quality parallel optical window was introduced into the beam
path and rotated between each of the twenty measurements,
while the sensors were not moved. A single rotation induced a
controlled lateral shift of 50µm in the reference plane pos-
ition. This allowed us to assess whether the quality of the
alignment reference remained consistent for different refer-
ence plane positions.

Twenty measurements were taken for each position of the
plane. The measurements were not taken simultaneously for
both reference planes because the glass plate had to be rotated
by 90 degrees around the optical axis between the measure-
ments to shift the position of either the vertical or horizontal
plane. It was ensured that the angle was not significantly
changed with respect to the cover glass of the CMOS chips.

2.4.3. Reproducibility. An additional experiment was con-
ducted to evaluate the robustness of the alignment system
under different sensor orientations and reproducibility. The
sensors were rotated by 90 degrees around the z-axis. This
rotation effectively swapped the CMOS chips in detecting
horizontal and vertical reference planes. The absolute sensor
positions were remeasured using a Leica AT403 laser tracker
with similar measurement errors of the USMN and of the best
fit as presented in the section 2.3. Again, as in the case of the
temporal repeatability experiment in the section 2.4.1, twenty
consecutive measurements were spaced by one-second inter-
vals without altering any parameters. This measurement was
conducted several days after the aforementioned experiment.

2.4.4. Relative alignment. Finally, the relative alignment
capabilities of the system were tested. The reference plane
was defined based on the known positions of the first and
last sensors (Sensors 1 and 3) obtained by the laser tracker
measurement. The middle sensor (Sensor 2) was mounted on
a motorized linear stage and displaced repeatedly by precisely
0.050µm increments, twenty times in the horizontal direction.
Each displacement of the middle sensor was measured relative
to the reference planes defined by the points measured on the
first and the last sensors. This allowed us to perform an ana-
lysis of the relative linear misalignment of the middle sensor
with respect to the alignment reference given by the LBs. The
mean detected displacement was calculated within a 2-sigma
confidence interval, together with a standard deviation, and
minimum and maximum detected misalignment.

This measurement aimed to simulate the foreseen LBs-
based alignment system, where reference planes will be
defined by the first and last sensors. The sensors in between
will be aligned relative to these reference planes. Note that the
orientation of the sensors was the same as in the experiments
described in sections 2.4.1 and 2.4.2.

2.5. Radiation hard sensor

Electronic components like CMOS chips are susceptible to
radiation damage when used in accelerator environments. To
address this, we propose using a fiber matrix system to trans-
mit the signal away from the radiation zone. This would pro-
tect the electronic components as they can be shielded away
from the radiation. However, a key consideration is how the
fiber matrix affects image quality and signal intensity, which
can impact the detection accuracy of the reference plane.

A fiber matrix made by Schott, measuring 1050mm in
length, was used in this experiment. The shape of the matrix
is round with a diameter of 3.175mm. It consists of a matrix
of individual fibers, each with a diameter of 12µm. A LB was
propagated over 8m and then split by a beam splitter. A gen-
erator with a projection lens focal length of 100mm was used
for this experiment. On one side of the beam splitter, a camera,
Basler a2A5328-15umPRO, was placed without any imaging
optics. This camera features a CMOS chip with a resolution of
5328× 4608 pixels and a pixel size of 2.74× 2.74µm. On the
other side of the beam splitter, a fiber matrix was put with the
same camera type behind it. The end of the fiber matrix was
positioned close to the CMOS chip, and the signal from the
matrix was incident directly on it. The experimental layout is
illustrated in figure 7.

Two equally sized images (400× 800 pixels) were extrac-
ted from the transversal intensity distribution captured dir-
ectly by the CMOS chip (figures 7(b) and (c)). These images
were compared using the peak signal-to-noise ratio (PSNR)
method [42]. Since both images originated from the same
intensity distribution, the PSNR value was relatively high,
providing a baseline for quality assessment.

As a next step, an image from the camera placed behind
the fiber matrix containing the LB signal (figure 7(d)), was
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Figure 7. Top view of the measurement setup for the analysis of the influence of the optical fiber matrix on the signal. (a) Transversal
intensity distribution seen on the CMOS without fiber matrix, (b) extracted images for PSNR baseline comparison, (c) extracted image for
LB signal analysis, (d) Transversal intensity distribution after propagating through the fiber matrix, (e) [Image (c)] with induced noise for
LB signal analysis.

compared to the image captured directly by the CMOS chip
(figure 7(c)) using the PSNR. Since both images contain sig-
nals from the same LB, this comparison aimed to quantify
the image quality and noise introduced by the transmission
through the fiber matrix.

To simulate the insertion of the fiber matrix, the noise,
which would result in the same PSNR value as after the trans-
mission through the fiber matrix, was induced in the image
detected directly behind the beam splitter (figures 7(c) and (e)).
The corresponding standard deviation of the Gaussian was cal-
culated using the formula using the PSNR value:

σ =

√
I2max

10
PSNR
10

(3)

where Imax is the maximum pixel intensity of the normalized
grayscale image. A zero-mean Gaussian noise N(0,σ2) was
introduced into the image. A scaling function was used to
enhance the noise presence in bright regions. The dynamic
range of the image was scaled. This allowed us to simulate
an image (figure 7(e)) that would match the noise present in
the image captured after propagating through the fiber matrix
(figure 7(d)).

As illustrated in figures 7(c) and (e), from both the noise-
induced and original image, twenty rows were summed up
along the y-axis to simulate a larger pixel size of 27.2µm. This
was done to increase the signal-to-noise ratio and to simulate
a linear CMOS chip with non-square pixels. This process was
repeated and resulted in twenty signals of the LB from each
image that were processed using the equation in equation (2).
The differences in the coordinates between twenty signals
from both images were compared using the RMSE with a 2-
sigma confidence interval and maximum detected error.

3. Results

3.1. Layer beam-based alignment system

Several noise-induced effects were observed while con-
ducting the experiments. If the LB direction of propaga-
tion was not perpendicular to the glass cover window
of the CMOS chip, the signal was strongly distorted or
asymmetrical.

The example of signals visible on each of the CMOS chips
of every sensor can be seen in figure 8, while the asymmet-
ric or noisy signals are indicated with red arrows. The signal
on the CMOS of Sensor 3 – Right serves as an example of a
symmetrical signal for reliable alignment reference detection
using methods such as threshold-corrected center of gravity.
In this case, the central lobe of the signal maintains its sym-
metry, which facilitates accurate analysis, even though the side
lobes themselves may not be perfectly symmetrical. Applying
a threshold effectively excludes the side lobes from the evalu-
ation, allowing the algorithm to analyze the undistorted cent-
ral portion of the signal. In contrast, the signal on the CMOS
of Sensor 3 – Left displays a high-frequency noise, while the
CMOS of Sensor 2 – Right exhibits a central lobe that is dis-
tinctly asymmetrical. Both cases can reduce the accuracy of
reference position detection, as both types of noise in the sig-
nal can shift the calculated alignment reference away from its
true position.

A time instability of the signal at each CMOS chip was
evident. To characterize this behavior, the temporal stability of
the detected centroid points, obtained from the signal on each
individual CMOS chip, was assessed by performing twenty
measurements spaced one second apart. The results, summar-
ized in table 2, were analyzed using a standard deviation and
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Figure 8. Signals visible on each CMOS chip. Red arrows are pointing at the regions of the signal significantly disturbed by noise.

minimum-maximum difference of the detected positions. The
results indicate that the fluctuations are the lowest for Sensor 1,
increase for Sensor 2, and are the highest for Sensor 3.

Measures, such as increased exposure time, background
removal, and careful alignment of the reference plane with
respect to the CMOS cover glass, were employed. However,
none of these effects could be completely eliminated dur-
ing measurement, necessitating post-processing of the signal
using low-pass filtering.

3.1.1. Temporal repeatability. The results of the temporal
stability experiment, presented in table 3, indicate a higher

variability in the horizontal plane compared to the vertical
plane. Specifically, the horizontal plane exhibited a mean
RMSE of 0.025 ± 0.002mm, while the vertical plane had a
lower value of 0.017 ± 0.002mm. The maximum offset value
was also larger for the horizontal plane (0.050mm) than for
the vertical plane (0.045mm).

3.1.2. Repeatability for shifted reference planes. The res-
ults of the repeatability analysis for different reference planes
are presented in table 4. A higher variability in the horizontal
plane compared to the vertical plane can be observed again.
The values of the RMSE have increased compared to the
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Table 2. Results of temporal repeatability of the centroid point position obtained from the LB signal at each CMOS chip.

Sensor 1 (mm) Sensor 2 (mm) Sensor 3 (mm)

Top CMOS chip
Standard deviation 0.0005 0.0020 0.0049
Min–Max 0.0020 0.0067 0.0149

Bottom CMOS chip
Standard deviation 0.0004 0.0015 0.0038
Min–Max 0.0018 0.0054 0.0135

Left CMOS chip
Standard deviation 0.0004 0.0012 0.0042
Min–Max 0.0019 0.0049 0.0143

Right CMOS chip
Standard deviation 0.0005 0.0021 0.0033
Min–Max 0.0020 0.0070 0.0131

Table 3. Results of temporal repeatability.

Metric Vertical plane (mm) Horizontal plane (mm)

Mean RMSE 0.017± 0.002 0.025± 0.002
Mean RMSE interval [0.008, 0.025] [0.019, 0.029]
Maximum point offset 0.045 0.050

Table 4. Results of repeatability analysis for shifted reference planes.

Metric Vertical plane (mm) Horizontal plane (mm)

Mean RMSE 0.02 ± 0.002 0.027 ± 0.002
Mean RMSE interval [0.016, 0.026] [0.019, 0.030]
Maximum point offset 0.044 0.052

Table 5. Results of temporal repeatability for 90 degrees rotated sensors.

Metric Vertical plane (mm) Horizontal plane (mm)

Mean RMSE 0.024± 0.002 0.020± 0.002
Mean RMSE interval [0.020, 0.026] [0.016, 0.026]
Maximum point offset 0.048 0.043

temporal stability by 0.004mm and 0.002mm for the vertical
and horizontal planes, respectively.

3.1.3. Reproducibility. The results of the temporal stability
experiment after rotating the sensors by 90 degrees are presen-
ted in table 5. Compared to the aforementioned temporal sta-
bility measurement, a shift in variability between the hori-
zontal and vertical planes can be observed. The mean RMS for
the vertical plane increased to 0.024 ± 0.002mm, while the
value for the horizontal plane decreased to 0.020 ± 0.002mm.

3.1.4. Relative alignment. The results of the relative align-
ment capability tests, presented in table 6, indicate that the
mean detected displacement closely matched the known incre-
ment of 0.050mm induced by the motorized linear stage. A
mean value of 0.051 ± 0.002 resulting from the twenty meas-
urements was detected. The relatively high standard deviation

Table 6. Results of the relative misalignment of the Sensor 2 for the
known displacement of 50µm.

Metric Value (mm)

Mean detected displacement 0.051 ± 0.002
Standard deviation 0.004
Maximum detected displacement 0.056
Minimum detected displacement 0.042

of 0.004mm with the maximum and minimum detected mis-
alignment of 0.056mm and 0.042mm respectively, suggests
notable variability between the measurements.

3.2. Radiation-hard sensor

Tests were conducted on two beam patterns: one with a single
line (figure 9) and the other with two lines (figure 10), with the
results summarized in the table 7. The comparison showed that
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Figure 9. Measured transversal intensity distributions of a single line (a) without fiber matrix, (b) after the fiber matrix, (c) with induced
noise.

Figure 10. Measured transversal intensity distributions of two lines (a) without fiber matrix, (b) after the fiber matrix, (c) with induced noise.

Table 7. The results of how the fiber matrix influences the detection accuracy of the reference plane.

Metric One line Two lines

Baseline PSNR (dB) 33.46 34.87
PSNR (dB) 19.75 14.55
RMSE (µm) 1.24 ± 0.42 0.71 ± 0.25
Maximum error (µm) 2.72 2.19

the PSNR was notably affected by the fiber matrix, indicating
a significant impact on the signal-to-noise ratio in the image.

For the single-line pattern, the PSNR decreased from the
baseline value of 33.46 dB to 19.75 dB after fiber transmis-
sion. Analysis of the extracted LB signals showed corres-
ponding values of RMSE equal to 1.24± 0.42µm and of a
maximum error of 2.72µm. For the multi-line pattern, the
PSNR decreased from 34.87 dB to 14.55 dB, with a corres-
ponding RMSE of 0.71 ± 0.25µm and a maximum error of
2.19µm.

4. Discussion

4.1. Layer beam-based alignment system

Presented results suggest that the LBs-based alignment system
could be a viable candidate for future alignment applications.
However, the experimental results revealed deviations from
ideal alignment reference planes. This was primarily caused by
the analysis of the signals superimposed with noise. The dom-
inant source of this noise originates from interference effects
caused by multiple reflections within the quartz cover win-
dow and the protective pixel film of the sensor. These com-
ponents create several partially reflective interfaces. When the

incident beam is not perpendicular to the cover window, mul-
tiple internal reflections generate constructive and destruct-
ive interference patterns that manifest as spatial modulations
superimposed upon the detected intensity profile, explaining
the clear asymmetries observed in certain sensors or at par-
ticular positions throughout our measurements. This effect
was evident during the experiments, where we made signific-
ant efforts to align the sensors as perpendicular as possible
to the beam precisely to mitigate such interference-induced
distortions.

Additional distortion was caused by the non-homogeneous
refractive index of the propagation medium. The fluctuations
of the centroid coordinate in time, detected at each individual
sensor, increase with the distance from the LB generator.
This is because the beam travels in the medium with a turbu-
lent and non-homogeneous refractive index for a longer time.
Additionally, the angular refraction effects causing the beam
to deviate are more pronounced with increased distance.

The temporal stability experiment revealed differences in
stability between the vertical and horizontal reference planes.
The vertical plane demonstrated higher stability relative to the
horizontal plane. To investigate this discrepancy further, the
sensors were rotated by 90 degrees, effectively swapping the
CMOS chips responsible for detecting each plane. This rota-
tion inverted the observed trend, reinforcing the conclusion
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that signal distortions arise predominantly from interactions
with the cover glass and the protective pixel layer of the CMOS
chips. Furthermore, this trend could also be partly caused by
fiducialization, which can introduce errors that lead to system-
atic offsets in the reference plane and thus affect overall align-
ment accuracy.

High-frequency noise primarily originated from reflections
within the pipe or from other incidental objects, resulting
in speckle patterns. Although the use of non-reflective pipes
helped to minimize these effects, the speckle noise can signi-
ficantly degrade the signal-to-noise ratio, as we documented in
our previous publication [43]. Additionally, dark noise inher-
ent to the CMOS chip was consistently present, however,
under the illumination conditions used, it remained relatively
stationary and had a less significant influence on the measure-
ment uncertainty.

Controlled shifts of the reference planes using the parallel
plate window confirmed the system’s repeatability but again
emphasized the sensitivity to small variations in the beam
angle relative to the cover window of the CMOS chip. Relative
alignment tests showed that the system could successfully
detect known displacements induced by a linear motor, with
the mean detected displacement closely matching the expec-
ted 50µm. This residual error can be attributed to the noise
sources described above.

Currently, multiple noise sources act concurrently: inter-
ference from sensor windows and coatings, reflections caus-
ing speckle noise, intrinsic dark noise, as well as atmo-
spheric disturbances from refractive index gradients and air
turbulence. This superposition complicates the quantitative
disentanglement of individual noise contributions, given the
present hardware and environmental constraints. Planned sys-
tem upgrades, including the use of CMOS chips with anti-
reflective coated cover windows, removal of the protective
pixel layer, and integrated dark noise correction, should mitig-
ate sensor-related noise. Additionally, the LBs will be propag-
ated through a vacuum pipe designed to reduce atmospheric-
induced distortions. This pipe will feature a non-reflective
internal surface treatment and include apertures aimed at sup-
pressing internal reflections and limiting speckle noise. Once
these measures are implemented, systematic quantification
and prioritization of the individual noise sources will become
feasible, enabling scaled deployment of the system over longer
distances as envisioned for the future alignment system.

4.2. Radiation-hard sensor

The experimental results demonstrate the potential feasibil-
ity of using fiber matrix systems for radiation-hard sensors
in accelerator environments. Integrating a fiber matrix sys-
tem into the sensor design could effectively protect electronics
from radiation-induced damage while maintaining alignment
accuracy comparable to direct CMOS detection.

The fiber matrix successfully transmitted the LB signal
while having a relatively low impact on the accuracy of the
reference detection. Comparative analysis of the transversal
intensity distributions before and after propagation through
the fiber matrix revealed that the PSNR is strongly affected.

However, it does not have a significant impact on the analysis
of the LB signal. For both single-line and multi-line beam pat-
terns, the RMSE remained below 1.30µm, with a maximum
error of 2.72µm.

The comparison between the single-line and two-line beam
patterns revealed that the two-line configuration provided a
lower RMSE. The centroid calculation most likely becomes
less sensitive to localized noise, leading to improved stability
and precision in reference plane detection. Thus, employing a
multi-line beam structure could enhance noise resilience.

5. Conclusion

The present study primarily focused on gaining insights from
the experimental evaluation of the LB-based straight-line ref-
erence system over a short 2m distance when propagating in
free-air, laying the groundwork for future scaling to longer dis-
tances. The quality of the reference plane generated by the LBs
remained stable, with repeatability and reproducibility RMSE
values below 30µm. The relative alignment measurements
achieved repeatability with a standard deviation of 4µm. The
results demonstrate that the system provides a reliable level of
accuracy and precision despite inherent limitations and imper-
fections in the current setup. The essential sources of noise
that must be addressed before further scaling to longer dis-
tances can be realized, were identified. These include interfer-
ence effects caused by the cover glass and the protective pixel
film, speckle noise, non-homogeneous refractive index in the
propagation medium, as well as the inherent dark noise of the
CMOS chips.

The key advantage of the LBs-based alignment system is
its ability to measure multiple points simultaneously along its
propagation path without obstructing the beam. Compared to
the state-of-the-art straight-line alignment systems, an addi-
tional degree of freedom (the roll) could bemeasured. The sys-
tem could serve as a viable alternative to traditional straight-
line reference alignment systems by eliminating the need for
mechanical shutters, which are commonly required in many
optical-based systems, while allowing for the scaling of the
length of the reference line.

The radiation-hard sensor concept, which utilizes the fiber
matrix, introduced an additional RMSE below 1.3µm, con-
firming its potential for use in high-radiation environments. In
the future, a sensor with integrated fiber matrices needs to be
developed and employed in a real alignment scenario for fur-
ther analysis. Additionally, effects such as fiber degradation
over time caused by radiation need to be investigated [44].
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8 Conclusion

The thesis has successfully bridged the gap between advances in the field of
pseudo-nondiffracting beams and their practical implementation for high precision
alignment of particle accelerators. Throughout the thesis, the objectives have been
systematically met, suggesting that optical-based systems employing SLBs and LBs
could offer a promising alternative to the state-of-the-art straight-line alignment
systems. This is enabled by structured beam profiles and low divergence of certain
parts of these beams in the order of 10 µrad [45, 61, 62], which allows for a sim-
ple detection of the alignment reference position even at distances in the order of
hundreds of meters. Unlike traditional wire-based alignment systems, optical-based
systems eliminate concerns about wire fragility, length limitations, and sensitivity
to gravity. The results, presented in a series of six interconnected publications, fur-
ther underline the potential use of SLB-based and LB-based alignment systems and
provide a strong baseline for future research and development of these systems. In
summary, the core results of this thesis are:

• The development of a novel technique for wavefront reconstruction of SLBs,
combining artificial intelligence with least-squares fitting to estimate the domi-
nant symmetrical Zernike coefficients (defocus and spherical aberrations) from
a single intensity distribution. This approach achieved the RMSE below 0.09λ,
demonstrating high accuracy in both simulated and experimental conditions,
and enabling precise characterization of beam properties critical for alignment
applications [123]. The method was additionally tested for the detection of
non-symmetrical aberrations [124].

• The systematic analysis of centroiding algorithms on simulated data of SLBs
and HSLBs, benchmarking their accuracy, robustness to noise, and computa-
tional efficiency. The gamma-corrected center of gravity algorithm was found
to provide the best performance for SLBs, with mean absolute errors below
10−2 pixels even under moderate noise, while correlation template matching
was most robust for hollow beams. These results confirm that centroiding algo-
rithm errors are not the limiting factor for alignment accuracy in controlled,
relatively high signal-to-noise environments, as the induced error would be
sub-micrometer for the common size of the pixel in units or tens of microm-
eters [113]. This is underlined by experimental verification, where the main
precision limiting factors in the experiment were fluctuation and gradient of
the refractive index of the propagation medium [62].
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• The development of means for generating symmetrical LBs using plano-convex
cylindrical lenses, enabling the production of pseudo-nondiffracting beams
with tunable divergence and pattern shape. This approach was validated
through simulations and experiments, demonstrating adaptability for long-
distance alignment applications while maintaining cost-effectiveness compared
to SLM-based generation methods [114]. The optimization for long-distance
propagation on a 140 m experimental bench was conducted, and the precision
of the detection algorithms of the alignment reference plane was experimentally
validated with the standard deviation of 0.7 µm [119]. The reflections inside
the metallic vacuum pipe can also be a limiting factor for the algorithms due
to the creation of speckles, which interfere with the beam [63].

• The experimental demonstration of a straight-line reference alignment system
based on LBs and custom hollow sensors, achieving repeatability and repro-
ducibility with root-mean-square errors below 30.0 µm over a 2 m length and
relative alignment precision with a standard deviation of 4.3 µm. The sys-
tem has the ability to perform simultaneous multi-point measurements, and
in addition to state-of-the-art straight-line reference systems, measure the ad-
ditional degree of freedom - the roll. A proof-of-concept for a radiation-hard
sensor using optical fiber matrices was validated, maintaining an RMSE of
the alignment reference below 1.3 µm. Sensors equipped with a fiber matrix
could be a suitable option for deployment in high-radiation areas, which are
common in particle accelerator tunnels. The signal could be transferred out
of these areas, so the electronics parts can be placed in a safe environment,
limiting the radiation-induced damage [122].

Future research and development for a successful integration of an SLB or LB-
based straight-line reference systems should focus on several areas:

• The LB-based alignment system with hollow sensors should be scaled up to
longer distances. Based on our experience, the vacuum pipe is necessary to
achieve the alignment requirements. Therefore, an experiment using a test
bench with a 140 m vacuum pipe will be conducted. The system will be
compared directly with state-of-the-art WPS and HLS systems. However, the
CMOS sensors need to be upgraded first to limit the interference effects and
dark noise. Additionally, the reflections from the inside surface of the metallic
pipe must be further reduced by apertures that could absorb the reflected
light, or by other means of noise mitigation.

• The way of upgrading the SLB-based system to be able to measure all the
points simultaneously, using, for example, a careful calibration of beam split-
ters, should be explored and compared to the LB-based system.

• The fiber-based sensors must be further developed. Their robustness to the
radiation-induced damage and fiber degradation must be systematically inves-
tigated. Successful overcoming of these challenges could lead to the deploy-
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ment of the system in future accelerators at CERN, such as FCC, or other
scientific facilities.

• Additionally, a preliminary alignment experiment utilizing an SLB-based sys-
tem propagating the beam over 50 m was conducted at the SuperKEKB ac-
celerator complex in Japan. Note that the results were not presented in this
thesis. It is mentioned now, as it suggests an interesting future research topic.
The results suggest that in order to achieve the required alignment accuracy, it
is necessary to limit the influence of the atmosphere on the beam straightness.
The vacuum pipe can not be installed in the SuperKEKB tunnel. Therefore,
the development of a system that could be used when the beam propagates in
the atmosphere, while compensating for the influence of refraction, is highly
desirable. Potential strategies include spatially resolved measurements of the
temperature (and potentially pressure or humidity) profile along the beam
path to model the refractive index distribution, or the deployment of multiple
overlapping beams with different wavelengths, exploiting the distinct refractive
indices to compensate through differential analysis, as the refraction would be
different for both beams.

In conclusion, the thesis has addressed the challenge of developing high-precision,
scalable, and robust alignment systems for next-generation particle accelerators,
based on the use of pseudo-nondiffracting optical beams as straight-line references.
The development of such a system has the potential to meet the alignment require-
ments of future high-energy physics facilities.
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