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Abstract: The alignment of particle accelerators demands a dedicated measurement system
based on a straight-line reference. This straight line can be provided by a laser beam. The
alignment then involves accurately measuring the offset of accelerator components with respect
to this light path. In order to be efficient, the laser beam needs to serve as a stable and straight
reference for distances of several hundreds of meters. The attainable accuracy depends, among
other parameters, on the laser spot size, which should ideally change very little over the distances
at which the alignment system needs to operate. Due to the significant divergence of Gaussian
laser beams, we propose using a structured laser beam (SLB) for alignment. Its transversal
intensity profile is similar to a Bessel beam and consists of an intense inner core (IC) and
concentric rings. The divergence of the IC, i.e., the growth of its size with distance, can be
limited to 10 µrad using a favorable generator configuration. Thus an SLB may be suitable as a
straight-line reference for long-distance alignment applications. However, the SLB is distorted if
obstructions cover parts of the outermost ring (OR) of the beam within, which should therefore
also be small. In this paper, we investigate the relationship between the size of the IC and OR
depending on the design parameters of the SLB generator. We use numerical simulations and
experiments with different generators over distances up to 50 m to analyze the transversal intensity
profile and wavefronts of different SLBs. The results indicate the general suitability of an SLB as
a reference line for long-distance alignment but also expose tradeoffs between small IC and small
OR. The findings outlined in the paper help to describe the optimal SLB parameters for given
conditions.

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

Experimental setups, industrial production lines, and many other complex structures require
individual elements to be arranged and kept in a specific geometric configuration with high
accuracy. For elongated structures, this often involves arrangement with respect to a reference line,
and the process of achieving this is called alignment. The key components of an alignment system
are the reference line, the reference points on the elements to be aligned, and the measurement
system used to quantify the offsets of the reference points from the reference line [1].

Particle accelerators are associated with particularly high demands regarding the alignment
of elements along the desired particle beam path. Modern particle accelerators may require a
relative alignment accuracy of 10 µm within a sliding window of 200 m length [2]. This means
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that the reference points of the elements within this range must stay within a cylinder of 10 µm
diameter, see Fig. 1.
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Fig. 1. Alignment offset measurement with respect to straight reference lines.

A reference line for alignment is either a physical object, such as a stretched wire, or an optical
axis. In both cases, such a reference line can only be created over limited distances with desired
accuracy. Large accelerators or accelerators with curved beam paths need multiple reference lines
that overlap for the alignment. In such cases, technologies ensuring a straight and temporally
stable reference line over long distances help to increase both accuracy and efficiency [3].

1.1. Gaussian beams and diffraction patterns

Reference lines based on Gaussian laser beams have been studied at CERN [3,4] and other
institutes [5,6]. The use of such beams for alignment is problematic over large distances due to
beam divergence. This is because it compromises detection at long distances due to the large size
of the laser spot. The divergence decreases the measurement precision and necessitates larger
and more expensive sensors. Various approaches have therefore been proposed to address these
issues.

For Gaussian beams, the most common way to mitigate the negative influence of the beam
divergence is to use beam expanders that adjust the position of the beam waist [7]. They allow
the waist to be placed in the center of the measurement line thus improving the setup. However,
the size of the laser spot at the beginning and the end of the line still complicates detection for
long lines.

Another way to ensure a small laser spot is to focus the beam at a specific location. For
long-distance alignment, this approach requires a focusing lens with a long focal distance, and
lenses suitable for that purpose have a significant size. Fresnel plates have been proposed as an
alternative [8–10]. A Fresnel plate focuses light exclusively on a single point, thus only allowing
the measurement of an offset at this particular point, with the laser spot significantly larger in
other places. The laser source, the Fresnel plate, and the sensor establish a three-point alignment
system, where the offset of the middle point equipped with the Fresnel plate is measured with
respect to the line defined by the source and the detector. To measure the offset of another point,
a different Fresnel plate has to be used with different focusing characteristics. In addition, any
displacement of elements along the reference line results in a blurred spot at the new location, so
decreasing the measurement accuracy.

An alternative approach to overcome the beam divergence is to use a so-called Poisson pattern
[11]. Such a pattern is created by non-transparent ball targets attached to the accelerator elements.
A Gaussian beam is projected onto the ball targets and each one casts a shadow at the end of the
measurement line, where the detector is placed. The light diffracted on the edges of the balls
creates a small diffraction dot in the middle of the shadow. The detector at the end of the line
measures the offsets between diffraction dots, and thus the offsets of the accelerator elements.
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This method allows multiple points to be measured at the same time, but their number is limited
by the transversal width of the Gaussian beam spot. Furthermore, the diffraction patterns created
by multiple balls overlap, making the detection challenging. Research on a Poisson alignment
system was reported by [12,13], with such a system operationally used for accelerator positioning
at DESY [14].

Airy diffraction patterns, from a light beam that passes through a circular aperture, can also be
used for accelerator alignment with the advantage that it can be preserved over long distances.
This approach has been used at SPring-8 [15] and KEK [16]. While such a system can reduce
beam divergence down to 250 µrad, precise generator alignment and nearly perfect iris geometry
are required to produce a symmetrical pattern.

1.2. Bessel beams

Non-diffractive beams are optical beams with theoretically zero divergence. An example of
this class are the so-called Bessel beams. Their transversal profile is described by the Bessel
function of a given order [17]. There are multiple ways to generate such beams, such as using
an axicon [18], a volume holographic method [19], or meta-surfaces [20]. Bessel beams find
many applications in science and industry [21] thanks to their propagating invariance (constant
shape and size along the direction of propagation) and self-healing ability (the regeneration of
the pattern after an obstacle that partially obscures the transversal profile of the beam) [22].

Even though generated Bessel beams are not perfectly non-diffractive, they still have signifi-
cantly lower divergence than conventional Gaussian beams. Bessel beams have been proposed for
the alignment of optical elements at short distances due to the compactness of the inner core [23].
Nevertheless, due to the finite aperture of the generator, they can propagate only over a limited
distance. That distance depends on the technology used but has so far only been theoretically
demonstrated up to 140 m [24].

1.3. Structured laser beams

A Structured Laser Beam (SLB) is the proper name for a novel type of optical beam introduced
in the patent [25] and described in further detail in [26–28]. SLBs share similarities with Bessel
beams and Laguerre-Gaussian (LG) beams. The similarities are visible for an LG beam with
zero azimuthal mode and higher radial modes. All these beams fall under the broad category of
structured light, known for their structured distributions of intensity, polarization, or phase, as
discussed in references [29–31]. Currently, the analytical description for an SLB is not available;
thus, we conducted tests to harness their potential for alignment purposes.

An SLB exhibits some characteristics of non-diffractive beams and shares a transverse intensity
profile akin to that of a Bessel beam. It consists of a narrow inner core (IC) and surrounding
concentric rings, amongst which the biggest one is the outer ring (OR), see Fig. 2. An SLB
is suitable for long-distance alignment due to the low divergence of the IC, with a divergence
of 10 µrad having been achieved [27]. An SLB can theoretically propagate to infinity and has
been experimentally tested up to 900 m with a setup similar to the one described in [27]. The
transversal intensity of the SLB at this distance in this experiment is presented in Fig. 3.

In this paper, we derive a method for determining the IC and OR size depending on the
generator setup and the distance from the generator. These relationships have not been discussed
previously and are crucial for the practical use of an SLB for alignment. The divergence of
the IC and the OR is characterized through both simulations and experiments. The IC size is
important as it determines the sensor dimensions of the alignment system, while the OR diameter
is important due to its impact on the symmetry breaking of an SLB. The latter causes the light
path of the SLB to change when it passes through an aperture partially covering the transversal
profile area encircled by the OR [28]. The magnitude of this change may be detrimental to
alignment applications. Such a change does not occur if the transversal profile of the SLB is
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Fig. 2. a) The simulated transversal intensity distribution of an SLB at 225 m from the
generator, b) a profile through the center of the transversal intensity distribution, and c) the
definition of the inner core (IC) and outer ring (OR) edges.
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Fig. 3. Image of the transversal intensity distribution of an SLB at 900 m from the generator,
with an indicative scale bar (outer ring outside image).
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unimpeded within the OR. A small OR diameter is thus favorable for alignment, as it puts fewer
constraints on any obstacles that may interfere with the SLB.

2. Methods

2.1. Principle of generation

The shape of the wavefront of an SLB varies with the propagation distance. In this study, we
focus on the wavefront directly after the generator, which can be described analytically. The SLB
wavefront hs is a combination of two rotationally symmetric optical effects with opposite signs:
a spherical aberration and a defocus. We denote the rotation axis as the z-axis. The combination
is expressed in Eq. (1), where z is the position along the z-axis of a point P that is part of hs, ρ is
the relative radius of the P position from the z-axis in the transversal direction, KD is the defocus
coefficient, and KSn are the spherical aberration coefficients.

hs : z = KDρ
2 +

∞∑︂
n=1

KSnρ
2(n+1) (1)

The relative radius is the ratio of r and the maximal possible radial position rmax of P (Eq. 2),
where rmax is limited by the output aperture of the generator.

ρ =
r

rmax
(2)

Fig. 4 shows a cross-section of the wavefront in the xz-plane of a cartesian coordinate system
with x- and y-axes perpendicular to the z-axis; r is indicated for a point P in this cross-section.
The output vertex of the SLB generator is at the distance z = 0.
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Fig. 4. The wavefront profile of an SLB directly after the generator with wavefront (hs),
radius (r) of the point (P), maximal possible radial position (rmax), depth of wavefront (∆hs).

The simulations presented in the paper use two procedures. A ray tracing approximation is
used to track light through the generator to give the phase and amplitude distribution directly after
the optical system. Propagation in free space after the generator assumes the wave nature of the
light and linearity of the system with the phase and amplitude obtained after the generator as input.
A transfer function is thus used for short-distance simulations and the Fresnel approximation of
the diffraction integral for distances exceeding 10 m [32].
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The SLB generator, creating spherical aberration and defocus, acts like a Keplerian beam
expander conserving the almost parallel character of input and output beams while inducing
a phase delay. The phase delay contributes to the specific wavefront shape with a zero-phase
gradient ring, where the gradient is considered along the radial direction. The diameter of the
zero-phase gradient ring and the distance variation ∆hs of the wavefront within this ring, see
Fig. 4, serve as important parameters to characterize the long-distance propagation of an SLB.

An SLB can be generated using multiple generation principles [25]. The generator used for
the investigations cited in this paper consists of a laser source, a ball lens, and a plano-convex
projection lens. See Fig. 5. Any modification of these elements or their position affects the SLB
wavefront and the intensity distribution. The ball lens plays a key role in the optimization of
energy efficiency. The diameter ∅S of the coherent light beam (wavelength λS) entering the
generator and the diameter ∅BL of the ball lens affect the intensity of an SLB. The ball lenses
were illuminated with ∅S>∅BL during the experiments presented in this paper since energy
efficiency was not the main focus of the present research.
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Projection lens
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BL=2RBL
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Fig. 5. The schematic of the SLB generator with laser source (S), ball lens (BL), projection
lens (PL), laser source wavelength (λS), diameters (∅S, ∅BL, ∅PL), refractive indices (nBL,
nPL), radii of lenses (RBL, RPL), distances (LPL, LPLmax, LPLmin), projection lens thickness
(TPL), see Sec. 2.4 for values of the parameters.

2.2. Focusing of generator

The distance LPL between the ball lens and the projection lens is important for the transversal
intensity profile of the SLB as it defines focusing of the generator. We propose the definition
of a parameter ξ to enable the comparison of these distances across various generators. This
parameter indicates the relative location of the chosen value of LPL between two values LPLmin
and LPLmax, see Eq. (3). LPLmin is the value of LPL for which the radius of the zero-phase gradient
ring is equal to rmax, while LPLmax is the value of LPL for which ∆hs is zero. They represent the
minimum and maximum of LPL for which the generator produces an SLB with an infinite range.

LPL = LPLmin + ξ(LPLmax − LPLmin) (3)

For the analyses carried out later we determined these values numerically by iteratively adjusting
the LPL used for the simulation of the SLB wavefront and intensity. When the focal points of
both optical elements are at the same location, KD = 0 and LPL = LPLmax. This occurs when
the generator is illuminated by a plane wave with the wave vector parallel to the z-axis, Fig. 6.
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LPLmax can then be found analytically through Eq. (4), Eq. (5) and Eq. (6).

LPLmax = fBL − UBL + fPL − UPL (4)

fBL =
nBL0RBL

2(nBL0 − 1)
fPL =

RPL

nPL0 − 1
(5)

UBL = RBL UPL =
TPL

nPL0
(6)

RPL

RBL
fBL

UBL UPL

fPL

PBL1 = PBL2
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n0

z

RBL
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LPLMAX TPL

PPL1
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Fig. 6. Generator setup with ball lens (BL), projection lens (PL), the paraxial focal lengths
(fBL, fPL), distances (UBL, UPL) between the principal points (PBL2, PPL1) and the surface
vertices (VBL2, VPL1), refractive indices (nBL, nPL, n0), radii of lenses (RBL, RPL), projection
lens thickness (TPL), see Sec. 2.4 for values of the parameters. LPL = LPLmax for illumination
by plane waves along the z-direction.

Here fBL is the paraxial focal length of the ball lens and fPL is the focal length of the projection
lens. nBL0 and nPL0 are the refractive index ratios of the ball lens and projection lens refractive
indices, nBL and nPL, with that of the refractive index of the surroundings n0. RBL RPL are the
radii of the ball lens and the projection lens respectively. UBL is the distance between the principal
point and the surface vertex of the ball lens and UPL is the distance between the principal point
and the surface vertex of the projection lens. TPL is the thickness of the projection lens.

For ξ ∈ (0, 1), the IC and the OR appear immediately after the generator and remain visible at
any distance provided the source laser has enough power. The shapes of the wavefronts for a
specific laser source, ball lens, and projection lens as a function of different values of ξ are shown
in Fig. 7, along with the zero-gradient rings (green dots) in transverse cross-section. For ξ>1,
an SLB is only created in a limited range, with the IC and the OR disappearing after a certain
distance, similar to Bessel beams. For ξ<0, no SLB is created, as no IC is formed.

2.3. IC and OR description

Currently, there is no closed-form formula available to calculate the diameter of the IC and OR at
different distances from the generator using design parameters such as λS, ∅S, ∅BL, LPL, etc.
Numerical simulations are therefore employed to calculate the intensity distribution of the SLB
in the transversal plane for specific design parameters and distances. The IC and OR are then
determined by analyzing the transverse intensity profiles.

In the laboratory, this transversal intensity profile of the SLB is measured using a camera,
which is then compared to the simulated results. To identify the edge of the IC in both the
measured and simulated data, we use the resemblance between an SLB and a Bessel beam in the
central region of these beams. The IC edge is defined as the closest local minimum encircling
the center of the IC in the fitted Bessel beam, as shown in Fig. 2.
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Fig. 7. Changes of the wavefront shape directly after the projection lens depending on the ξ
parameter for a generator with the following properties: ∅BL = 4.0 mm, RPL = 38.6 mm,
TPL = 4.1 mm, nBL = nPL = 1.5199, n0 = 1.0003). In this case LLPmax = 70.54 mm and
LLPmin = 72.53 mm.

The OR is defined as the outermost intense ring beyond which the intensity decreases to values
close to zero. In the laboratory, the radius of the OR is measured using a ruler. This method
captures the most intense part of the OR. For the simulated data, we adjust the OR measurement
to align with that found in the laboratory. The radius of the OR is determined by analyzing the
transverse intensity profile in an arbitrarily chosen direction and identifying the radial position of
the peak intensity (local maximum) within the outer ring, as illustrated in Fig. 2.

An approximate method to calculate the IC diameter is proposed, this being important for the
design of an alignment system. This approach is based on the analogy between the central parts
of an SLB and a Bessel beam, as depicted in Fig. 8. The intensity distribution of a Bessel beam
is described by Eqs. (7) and (8).

I = I0(J0(kTr))2 (7)

kT =
2π
λS

sin(θ) (8)

Here, I0 is a constant intensity, J0 is the zero-order Bessel function of the first kind, and θ
represents the angle between the wave vector k and its longitudinal component kL. Transversal
component is kT .

For the Bessel beam, the IC edge corresponds to the local minimum closest to the center of the
IC. This edge occurs at a radial distance r0, where the argument of the Bessel function is equal to
the first root γ of the Bessel function (γ ≈ 2.4048), thus satisfying kTr0 = γ.

In the case of an SLB, the IC is created in a similar manner to that of the Bessel beam, with
the assumption of neglecting the contribution from the central part of the wavefront, which is not
present in the Bessel beam. However, in reality, the central part contributes to the transversal
intensity profile, leading to subtle changes in the IC size. These changes are evident in the results
shown in Fig. 10. When an SLB is generated, the value of θ varies, as illustrated in Fig. 8,
resulting in different IC sizes depending on the longitudinal position L of the transversal profile.
The approximate IC diameter of an SLB can be calculated using Eq. (9), where 1/sin(θ) can be
replaced by the square root expression with the assumption of neglecting the thickness of the
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Fig. 8. Schematic profiles of a Bessel beam a) and an SLB b) wavefront with wave vector
(k), longitudinal component (kL), transversal component (kT ), angle (θ) between (k) and
(kL), radius (r), longitudinal position (L).

2.4. Experimental setups

Two experimental setups were constructed to verify the simulation results and examine the
properties of the generated SLBs. The first setup was a laboratory arrangement of different
generators, a Shack-Hartman sensor for measuring the wavefronts and a Basler camera a2A5328-
15umPRO for the transversal intensity profile at a distance of 10 m from the generator. This setup
used a laser diode, CPS635 from Thorlabs (λS = 635 nm), a ball lens of sapphire (∅BL = 5 mm,
nBL = 1.7658), and two different plano-convex projection lenses with a diameter of ∅PL = 9 mm
made of BK7 glass (nPL = 1.5150): a lens F12 (RPL = 6.2 mm, TPL = 3.4 mm), and a lens
F20 (RPL = 10.3 mm, TPL = 2.5 mm). The Shack-Hartman sensor consisted of a microlens
array MLA300-14AR from Thorlabs combined with a Basler camera a2A5328-15umPRO. The
Shack-Hartman sensor was calibrated with a planar wavefront source. The wavefront shape was
calculated using in-house software [33]. This experiment was aimed at comparing the impact of
various generator configurations on the wavefront shape and intensity distribution.

The second setup for the IC and OR size investigation was installed in a 50 m-long underground
tunnel. The SLB generator was mounted at a fixed position on a rail running along the length
of the tunnel. The Basler camera, serving as a detector, was moved along the rail in steps of
approximately 2 m from a distance of 2 to 50 m from the generator. A photo was acquired after
each step, resulting in a total of 25 images of the transversal beam profile at different distances. For
this experiment, three SLB generators were used based on a CPS532 laser diode from Thorlabs
(λS = 532 nm), a ball lens of BK7 glass (∅BL = 4.0 mm, nBL = 1.5195) and three different
plano-convex projection lenses with ∅PL = 25.4 mm, made of BK7 glass (nPL = 1.5195): F50
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(R = 13.1 mm, TPL = 5.3 mm), F75 (R = 38.6 mm, TPL = 4.1 mm), and F100 (R = 51.5 mm,
TPL = 3.9 mm). Data were then acquired using generator settings with LPL set for ξ-values of 0.2,
0.4, 0.6, 0.8, based on the LPLmin and LPLmax determined by simulation (see Sec. 2.1).
ξ was set to its target values by modifying LPL, the distance between the ball lens and the

projection lens. The projection lens remained in the same position while the ball lens was
displaced using an SM1NR1-SM1 zoom housing from Thorlabs. This is a one-dimensional
translation stage that allows LPL to be changed while maintaining the overall generator alignment.
The initial distance was set to LPLmin, i.e. ξ = 0, which was simulated for each generator.
LPLmin was measured using a Leica AT401 laser tracker. The surfaces of the ball lens and the
projection lens were measured using a 0.5-inch Leica Red-Ring Reflector (RRR). The ball lens
and projection lens surfaces were calculated by fitting appropriate geometrical primitives (sphere,
plane) to the measured points. The manual movement of the ball lens using the zoom housing
was conducted based on a visual reading of the engraved scale on the housing, where each tick
indicated 0.25 mm of translation. The precision of ball lens positioning is 0.10 mm including
the laser tracker measurement, the precision of readings and the mechanical repeatability of the
zoom housing.

3. Results and discussion

3.1. Wavefront and intensity distribution

Figure 9 illustrates representative measurements of the intensity distribution in the transversal
plane along with their cross-sections and wavefronts for different projection lenses (see Sec. 2.4)
and LPL distances.
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The two setups were manually adjusted by changing LPL such that the measured zero-phase
gradient ring diameter of the second setup was within 5% of the first setup. Consequently, the
LPL and ξ were different for these two setups. However, it can be observed from Fig. 9 (c and
d) that the width of the IC is similar for both SLBs. Conversely, the number of rings and the
diameters of the respective ORs differ. The projection lens with a longer focal length (F20)
results in a smaller diameter OR, which is preferable to avoid excessive symmetry breaking of an
SLB in long-distance applications.

It is important to note that the diameter of the IC is not equal to the diameter of the zero-phase
gradient ring. However, within our experiments, we consistently found that two SLBs with
equal zero-phase gradient ring diameters also have equal IC diameters. Additionally, a larger
zero-phase gradient ring is associated with a smaller IC diameter. Considering that a smaller IC
is generally preferable for high-precision alignment, generators with a large zero-phase gradient
ring are therefore desirable. In practice, the size of this ring is limited by the aperture ∅PL of the
projection lens, with a large aperture required for a small IC. The large zero-phase gradient ring
ensures a favorable value of θ in the approximate Eq. (9), thereby reducing the IC size. However,
the impact of increasing aperture size is limited by the divergence of the beam coming from
the ball lens [25] as the projection lens needs to be entirely illuminated to fully benefit from its
aperture.

3.2. Long-distance propagation

The second experimental setup described in Sec. 2.4 was employed to investigate the transverse
profile of the SLB over propagation distances of up to 50 m. The aim was to examine the influence
of different generators, each adjusted to a common value of ξ = 0.4. Fig. 10 and Fig. 11 illustrate
the simulated, measured, and analytically determined diameters of the IC and OR as a function
of the distance from the generator. It can be seen that the simulation results exhibit a good
agreement with both the measurements and analytical derivation.

The IC is not formed below a certain distance from the projection lens due to the underlying
creation mechanism of the SLB. Determining the exact IC creation distance is challenging
because of the similarity of the diffraction pattern also created at the beginning of an SLB path,
which might explain the irregular behavior of the simulated IC size observed at the initial stages
of propagation in Fig. 10. Defining the position of this boundary between the diffraction pattern
and the IC of an SLB is important for future alignment applications as it will determine the
location of the nearest element that can be measured.

In the far optical zone (Fraunhofer zone), the divergence of the IC and OR follows a linear
relationship, with the size of the IC and OR increasing proportionally to the distance from the
generator. However, in the near optical zone (Fresnel zone) deviations from this linearity can be
observed. These deviations are more pronounced for the OR, particularly when using longer
focal lengths for the projection lenses, as seen in Fig. 11. The exact position of the boundary
between the near and far optical zones depends on the specific characteristics of the generator.
In addition, the SLB pattern observed in the near optical zone undergoes significant changes,
including alterations in the number of rings, their intensity, and their spacing. As the distance
increases the pattern stabilizes, with the size becoming directly proportional to the distance. In
the context of long-distance alignment scenarios, the application of an SLB will predominantly
occur in the far optical zone, allowing us to approximate the IC divergence through a linear
relationship with distance from the generator.

Figure 12 illustrates the distinct relationships between the IC and OR diameters for a generator
equipped with an F50 projection lens at various distances and for various values of ξ. The blue
lines show the results obtained from numerical simulations for propagation distances of 30 m,
40 m, and 50 m. While the points along each line correspond to different values of ξ, ranging from
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The IC does not appear directly 
after the generator, only diffraction 
pattern is visible 

a)

b)

Fig. 10. The diameter of the IC as a function of the distance from the generator: a) results
based on simulation (S) and measurement (M) with different setups see Sec. 2.4; b) results
based on numerical simulation (S) see Sec. 2.1 and the analytical function (A) see Sec. 2.3.

ξ = 0 (bottom right) to ξ = 1 (top left). The colored dots represent specific IC-OR combinations
corresponding to measurements and simulations at ξ values of 0.2, 0.4, 0.6, and 0.8.

From Fig. 12, we observe that smaller IC diameters correspond to larger OR diameters and
vice versa, irrespective of the distance. This relationship highlights the tradeoff that has to be
made between the required detector size and the available propagation space within the alignment
system.

The measured data points all lie on the lines derived from numerical simulations but appear
to be shifted in the same direction along the lines compared to the simulation result for the
corresponding ξ value. These discrepancies can be attributed to a systematic difference in
the setting of LPL by the zoom housing. Data analysis suggests that this systematic difference
between LPL values derived from simulations and measurements has a size of 0.38 mm on average,
with a standard deviation of 0.10 mm. Despite the LPL discrepancies, the simulated values
provide a reliable approximation of the IC and OR sizes. Through simulation, it is possible to
determine generator parameters that enable the attainment of desired IC and OR sizes, meeting
the requirements of the alignment system’s reference line.
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S: Simulation
M: Measurement

Linear behaviour in the far zone

Non-linear behaviour 
in the near zone

The OR of F75 and F100
shown in the different scale
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Fig. 11. a) The diameter of the OR as a function of the distance from the generator; b) the
same but plotted with a different scale; results based on simulation (S) and measurement
(M) with different setups see Sec. 2.4.

IC

S: Simulation
M: Measurement
L: Propagation distance = 1

 increases following blue lines

Discrepancies between
measurement and simulation

 = 0

Fig. 12. Simulation (S) of the IC and OR size compared to measured (M) values for different
distances and generator configurations.
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3.3. Impact of generator focusing on IC and OR

The simulated data presented in Fig. 13 summarize the dependence of IC and OR on ξ. The
data consider a fixed distance of 50 m using the second experimental setup introduced in Sec.
2.4. It shows the influence on these quantities of the generator design, namely the choice of LPL
distance for a given ball lens, projection lens, and source illumination.

S: Simulation

Small changes in the IC diameter

Fig. 13. Simulation of the IC (orange) and OR (blue) size at 50 m as a function of ξ for
different projection lenses (F50, F75, F100).

Small differences in the IC size from the trend can be observed when changing the ξ parameter
for the setups with F75 and F100 projection lenses. These size variations are related to the
intensity changes in the IC. The IC and its close vicinity are primarily influenced by interfering
contributions from two different parts of the SLB wavefront. The first area corresponds to the
central part around the z-axis, and the second area is the region of the zero-phase gradient ring,
as shown in Fig. 4. The phase difference between these areas contributes to the IC intensity
variation. When the ξ parameter is changed, the phase difference takes values of 0, 2π, 4π, . . . rad,
resulting in constructive interference between the contributions from both areas. Conversely, for
other values of ξ, these contributions interfere destructively at π, 3π, 5π, . . . rad phase differences.
This constructive and destructive interference affects the position of the first local minimum in
the intensity distribution in the transversal plane, thus limiting the IC size. Consequently, the
size of the IC changes with the ξ parameter.

4. Conclusion

The study of an SLB for application to a straight reference line for alignment purposes has
provided comprehensive insights into the divergence of the IC and OR, and the dependence of
their transversal size on the generator parameters and propagation distance. The correlation
between the size of the IC and OR implies that a suitable tradeoff has to be found for future
alignment purposes, to balance the detector size with the available propagation space.

In this paper, we have characterized the SLB generation principle and the basic parameters
of a generator composed of a ball lens and a projection lens. Through our investigations, we
have confirmed that a longer focal length of the projection lens results in a smaller OR, thereby
optimizing the generator for its desired performance for long-distance alignment purposes.
In order to facilitate the comparison between different generators, we have introduced a new
parameter, denoted as ξ, which serves as a common descriptor of generator focusing. The value
of ξ is derived from the distance between the ball and projection lenses, with its minimization
leading to reduced IC divergence.
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Additionally, we have described the SLB wavefront by introducing the zero-phase gradient ring
parameter. By increasing the aperture of the projection lens, we can achieve a larger zero-phase
gradient ring diameter, which subsequently results in a smaller IC. It is important to note that the
divergence of the IC and OR is non-linear in the near, Fresnel zone. For long-distance alignment
applications, the propagation will occur predominantly in the far, Fraunhofer zone, where the
SLB divergence is approximately linear with distance.

Future investigations should prioritize the examination of SLB intensity, the characterization of
which will further enhance the understanding of SLBs and their application to future alignment
systems.
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