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agation behavior in free space, a possible adjustment of Top-Hat size and the increase of the depth of

field of a Gaussian laser beam.
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1. Introduction

Pulsed laser systems with pulse durations in the nano-
second (short pulse), picosecond or femtosecond (ultrashort
pulse) range are used for a large number of applications to-
day [1-7]. Such systems typically deliver pulses with a
TEMoo Gaussian beam profile, high beam quality and pulse
energies of a few 100 pJ.

A Gaussian light distribution is the desired spatial inten-
sity profile for many applications because it maintains its
distribution during propagation and focusing. It enables ex-
cellent focusing to a few microns, resulting in high structural
resolution of the laser micromachining process. However, in
recent years it has been shown that light distributions
adapted to the process, such as multi-beam arrays, Top-Hat
profiles or Bessel beams, are advantageous for a large num-
ber of applications. [8-16]

These adjustments of the light distribution are made by
optical elements that shape the beam. These are typically
non-absorbing optical components that allow targeted
changes in the phase information of the complex wave field
of the Gaussian beam. A change in the amplitude would be
accompanied by absorption, which would lead to undesira-
ble effects when used in the high-power range. The changed
wave field is then focused. The focusing optic acts as a Fou-
rier transformer [17]. The desired intensity distribution in
the processing plane can thus be determined in advance by
means of Fourier transformation of the complex wave field
modified by the beam-shaping optic.
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Various calculation methods are used to calculate the
phase information. For example, continuous surfaces for re-
fractive beam shapers are often calculated using mapping
methods [18, 19]. The intensity distributions that can be re-
alized by means of such optics typically have a continuous
profile. They are therefore often used to create Top-Hat or
Donut profiles. The advantage of such surface profiles lies
in the highest efficiency, but the achievable light distribu-
tions are limited.

A completely opposite method uses highly irregular
structures, similar to a chessboard pattern in which the black
and white fields are randomly distributed. White areas are
raised by a few 100 nm compared to black areas. The lateral
structure size of the individual fields is in the range from one
to a few micrometers. The function of such optics is based
on the principle of diffraction, which occurs on the micro
structured surface of these elements. Due to the almost freely
selectable surface structures, almost any light distribution
can be generated with an appropriate design. Iterative meth-
ods are typically used for the design of such structures, such
as those required to generate a dot matrix for beam splitting.
Many are based on the so-called Iterative Fourier Transform
Algorithm (IFTA) [20 -22]. The disadvantage of such ele-
ments is often the low efficiency [23] and the formation of
speckles [24].

Various techniques are used to impress the determined
phase information on the laser beam. These techniques can
be divided into dynamic and static variants. Dynamic vari-
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ants include deformable mirrors (DM) or liquid crystal spa-
tial light modulators (SLM). These can flexibly influence the
phase. Refractive as well as diffractive phase information are
possible, which means that almost any light distribution can
be adapted to the respective task. A disadvantage, however,
is that they typically only tolerate a few watts of average
power [25]. Nevertheless, SLMs in particular are now also
being used in material processing with ultrashort pulse lasers
[8, 9].

In contrast to this, optics made of quartz glass provide
static phase information and thus light distribution. They
have a significantly higher radiation resistance and are many
times cheaper than the dynamic methods. Continuous refrac-
tive surfaces with a rotationally symmetrical profile, like as-
pheres or cylindrical optics are typically produced by means
of a grinding process. Surfaces with non-rotationally sym-
metrical profiles allow the generation of profiles with non-
rotationally footprint. Such so-called free-form optics can be
produced using ultra precision manufacturing [26] or plasma
processing [27]. To produce diffractive optical elements,
lithographic processes from semiconductor technology are
used, such as Reactive-Ion-Etching (RIE) or Ion-Beam-
Etching (IBE) [28 — 30].

One diffractive beam shaping method is the so-called
FBS® concept [31]. This allows the generation of diffraction
limited speckles free Top-Hat profiles and has been shown
to be advantageous for Laser-Induced Breakdown Spectros-
copy (LIBS) [32, 33], Matrix-assisted Laser Desorption/Ion-
ization (MALDI) [34], Direct Laser Interference Patterning
(DLIP) [35] and thin film applications [36, 37]. In addition,
there are theoretical considerations to use this concept to in-
crease the depth of field of a Gaussian laser beam [38].

In the context of this work, the free space propagation of
the shaped beam is investigated. From the findings of the
theoretical free space propagation calculation, information
is derived as to what needs to be considered when integrating
these diffractive optics in order to achieve an increased depth
of field and how the position and size of the achievable Top-
Hat profiles are influenced. In addition, it is shown how the
variability of beam shaping can be increased by adapting the
optical setup. The results of the experiments confirm the the-
oretical considerations.

2. Mathematical considerations
2.1 Feature for Top-Hat generation

All results shown here originate from the diffractive
FBS® beam shaping concept. The diffractive structure is il-
luminated with a Gaussian beam. The amplitude g(x,y) of a
Gaussian beam is given by [39]:

x2+y?

g (x,y) =exp (—7) (D
There is a scaling factor s of the diffractive structure that
determines the optical function of the element. With s=®, a
Top-Hat profile, with a square footprint is obtained in the

focal plane.

2.2 Setup of simulations

The beam shaping concept is based on diffraction of co-
herent light. For the simulation of the propagation behavior
of unfocused and focused beams, the commercial physical
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optics software VirtualLab Fusion was used, on a work-
station with an AMD Ryzen™ Threadripper™ 2990WX
processor, 32 cores, 3GHz and 128GB RAM memory. Vir-
tualLab Fusion provides two physical optics simulation en-
gines, Classical Field Tracing and Field Tracing 2nd Gener-
ation. In this study Field Tracing 2nd Generation was used,
which selects automatically the most suitable Fourier trans-
form out of Fast Fourier Transformation, Semi-Analytical
Fourier Transformation and Homeomorphic Fourier Trans-
formation [40, 41].

The laser beam used was Gaussian, TEMgo and had an
ideal beam quality of M= 1. With a view to ultra-short pulse
laser material processing, this approach is justified, since
beams with almost ideal beam quality are typically used here.
In addition, aberration-free optical systems are assumed.
This is permissible with regard to the experiments shown,
since our own optical systems were set up and qualified. The
extent to which the results shown here can be transferred to
beams with a significantly poorer beam profile and to optical
systems afflicted with imaging errors must be investigated
in further work.

2.3 Generation of caustics

In this work calculated caustics of unfocused and fo-
cused beams are presented. To generate the caustics several
cross-sections of the intensity profile along the x-axis are
calculated at different positions along the propagation axis z
(optical axis) and stringed together. It is also assumed, that
for each z position the cross-sections of the y —axis is equal
to the cross-sections of the x —axis. Each displayed image of
a calculated caustic is normalized to the individual maxi-
mum intensity.

3. Results and discussion
3.1 Simulation results

The aim of the simulations carried out is to get an over-
view of which parameters influence the caustic of focused
shaped beams and therefore the beam shaping result for Top-
Hat generation. Further it is investigated, how beam shaping
can increase the depth of field and to what extent. There is
also the idea to generate homogenized profiles with different
geometries, not just square ones.

The investigations in this work will show that in order to
properly understand why the caustics of a shaped beam
changes under certain circumstances, one at first has to deal
with the propagation of the shaped, unfocused beam in free
space. For this reason, free space propagation is dealt with
first. The knowledge gained will help in the following sec-
tions to understand the conditions for a successful integra-
tion of the beam shaper into the beam path.

3.1.1 Free space propagation of shaped beam

In order to understand the conditions that have to be con-
sidered when integrating the beam shaping elements into
beam paths, one must first deal with the propagation behav-
ior of the shaped beam in free-space. Figure 1 shows the
setup used in this section in the simulations with the param-
eters og=s, a and b. o designates the beam radius in the
waist of the Gaussian beam in free-space. The waist de-
scribes the smallest spatial extension of @ of the Gaussian
beam. Parameter a designates the distance between the waist
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and the beam shaper and b the distance between the beam
shaper and the detection plane.

|

distance a optical axis

waist

distance b

beam Shaper

Fig. 1 Simulation setup for free space propagation

In order to be able to better recognize the change in caus-
tic that occurs when the beam shaping element is introduced
into the beam path, the well-known caustic of the pure
Gaussian laser beam was simulated first without using the
beam shaper. In figure 2 the result for g =2.5mm and a
wavelength A= 532nm is shown.

o N O o

lateral position x-axis [mm]

5 10
propagation position b [m]

Fig. 2 Caustic of Gaussian beam in free space,
with o =2.5mm A= 532nm

The waist or determines the Rayleigh length zy of the
Gaussian beam in free-space [42]:

T wps?
Zyrfs = 1

2

The Rayleigh length is the distance from the waist at
which the width of the Gaussian beam increases by a factor
of 293, the peak intensity decreases by 50%, and the phase
front of the Gaussian beam has the strongest curvature [42].
For the simulated setup with ®g =2.5mm and a A= 532nm
the Rayleigh length z of the Gaussian beam in free-space
is 36.908m.

If the beam shaping element is positioned at the location
of the waist o (distance a = 0) the caustic from figure 3 can
be observed. A clearly changed propagation behavior can be
seen after the introduction of the diffractive structure. In ad-
dition, two positions can be identified along the direction of
propagation, in which Top-Hat profiles can be identified. For
the setup used, the Top-Hat profile shown in figure 4a is ob-
served at zoty=5.376m and the Top-Hat profile shown in fig-
ure 4b is observed at z;th=8.853m. If you look at increased
distances, a further homogenization of the profile can be
seen from about 100m. A clear position as with the other two
profiles cannot be defined for this profile, whereby homog-
enization is fully developed from approx. 150m (z,n), fig-
ure 4c. It can be seen that the Top-Hat profiles show slight
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intensity peaks. The different Top-Hat profiles can be distin-
guished by the number of sub-peaks. The 2TH profile has
4x4 peaks, the 1TH has 3x3 peaks and the zTH has 2x2
peaks. If the distances z>tw, ziTH, Z,TH are set in relation to
the Rayleigh length z«, a fixed relation can be seen. The re-
sults shown in table 1 apply in general, regardless of size of
waist g and wavelength A.
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Fig. 3 Caustic of shaped beam in free space,
with 0g=2.5mm, s= o, A= 532nm
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Fig. 4 Generated Top-Hat profiles in free space, with @ =2.5mm,
s= of, A= 532nm, a) 2TH profile, b) 1TH profile, c) zTH profile

Table 1 Features for free-space Top-Hats
Top-Hat  shortcut peaks f)zorfss] F[\ZVGI){;\]/I [21(/;:5]
2. order 2TH 4x4 0.146 0.58 0.8
1. order 1TH 3x3 0.24 0.54 0.74
0. order zTH 2x2 ~4 4.76* 6.16*
* @ Azits

These results show, that different Top-Hat profiles can
be generated using the beam shaping element even without
focusing optics. The size of the 2TH and 1TH profiles is
about 20-25% smaller than the og of the Gaussian input
beam. The size of the zZTH profile is significantly further
away than 2TH and 1TH and is therefore significantly larger,
about 5 times larger than o of the Gaussian input beam.
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The more general case with a # 0 is considered in the
following section. According to Fig. 1 the laser beam prop-
agates the distance a from the waist to the beam shaper. It
should be noted that the radius of the beam at the location of
the beam shaper w(a) must remain constant as parameter a
increases. According to [42], the following applies to the de-
termination of m(a):

w(a) = wrs |1 +( - )2 (3)

Zrfs

In figure 5 the influence of distance a on the free space
propagation of the shaped beam is shown. With a = 0, o(a)
= of =0.5mm, A= 532nm the caustic shown in figure 5a is
realized. If you compare figure 5a with figure 3, you can see
the same caustic, whereby the adjusted scaling of image
must be observed. According to the equation 2 and the lower
Rayleigh length, the corresponding value of the z-axis (di-
rection of propagation) is lower by a factor of
(2.5mm/0.5mm)? = 25.

With a=0, the phase front is flat at the location of the
beam shaper. If the distance a is now increased and o(a) is
kept at 0.5mm, o must decrease according to equation 2
and 3. Due to the increase in a, the phase front at the location
of the beam shaper becomes increasingly curved. The cur-
vature is strongest when the beam shaping element is posi-
tioned at the Rayleigh length z of the reduced waist radius
Ofs.

This relation is given by the following set of parameters:
05=353.55um, zxr=a=738.1mm, o(a)=V2*wr=0.5mm. The
resulting caustic is shown in figure 5b.
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.
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N w1
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Fig. 5 Caustic of shaped beam in free space for A= 532nm,
a)a=0, os=n(a) =0.5mm, s= o, b) a= z:=738.1mm, o=
0.3536mm, w(a) = 0.5mm, a =0, s= w(a)

A comparison of the two caustics shows only minor de-
viations. The position of the Top-Hat profile is about 20%
further away, the size of the Top-Hat profile increases by
about 20%. Therefore, the distance a should not play a big-
ger role for the further consideration.

In this section the free space propagation of the shaped
beam is analyzed. The results presented can be used to ho-
mogenize laser beams in the one to two-digit meter range.
This could possibly be advantageous for LIDAR in autono-
mous driving or other metrological methods.

3.1.2 Propagation of focused shaped beam

In order to generate Top-Hat sizes in the um range, the
laser beam formed by the shaping element must be focused.
In this section, the previous setup is therefore expanded by

focusing optics. In addition, the distance b (between beam
shaper and focusing optic) is introduced. Results with a =b
=0 and © = o already published in [38] are summarized
again, which are necessary for further understanding in the
context of the paper. The setup used in the simulation is
shown in figure 6.

distance a distance b

optical axis

beam Shaper
istance z

Fig. 6 Simulation setup for focused beam

For the focal area of interest, the caustics of the unshaped,
focused Gaussian beam were first determined. A laser beam
with ® = 2.5mm at 532nm was used. The focal length f of
the focusing optic is 80mm. The distances a and b are zero.
The resulting caustic is shown in figure 7.
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Fig. 7 Caustic of focused Gaussian beam along z axis

Figure 8 shows the phase distribution of the focused
beam along the caustic. In the area of the focal plane at
7z=80mm, the intensity of the beam in the edge area of the x-
axis (+/- >20pm) is almost zero. This leads to numerical ar-
tifacts when calculating the phase in these areas. For this rea-
son, these areas that are of no interest to the application have
a gray background.
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Fig. 8 Phase distribution along caustic of focused Gaussian beam
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Finally, Figure 9a shows the two-dimensional Gaussian
intensity distribution of the beam waist at the focal plane
z=80mm. Figure 9b shows the phase front of the beam at the
waist. A homogeneous phase distribution can be seen. In ad-
dition, the plane of oscillation of the linearly polarized beam

is shown in both figures.
‘ 1 b) iﬂ
a 0
5

-2 lateral x-pos. [um] 25

| 0
lateral x-pos. [um]

Fig. 9 Intensity (a) and phase distribution (b) of focused
Gaussian beam at beam waist at z=80mm. Horizontal line indi-
cates direction of linear polarization
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The numerical aperture NA of the focused beam is cal-
culated by:

NA )

@
f

In the focal plane the beam shows the smallest width,
called waist. The numerical aperture NA determines the
waist or of a focused Gaussian beam with an ideal beam
quality M2 =1:

The waist or determines the Rayleigh length z:of the fo-
cused beam:

_ mof?
er = 1

(7)

Taking a cross-section from figure 7, along z axis, with
x=y=0 shows the variation of peak intensity along the op-
tical axis for the propagating beam. As typical for focused
Gaussian beams, the highest peak intensity is located in the
focal plane at 80mm (Fig. 10).

o normalized intensity [a.u] =

79 80 81

propagation position z [mm]
Fig. 10 Cross-section along optical axis z for focused Gauss-
ian beam, x=y=0
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By combining the Gaussian input beam with the beam
shaper, the caustic of the focused beam is changed as shown
in figure 11.

N

lateral position x-axis [um]

79 80 81
propagation position z [mm]

Fig. 11 Caustic of focused shaped beam along z axis
(s= ©=2.5mm, f=80mm, NA=0.03125, A = 532nm)

Figure 12 shows the phase distribution of the focused
beam along the caustic when the beam shaping element is
used. Compared to the phase distribution of the unshaped
Gaussian beam from figure 8, only a small change can be
seen.
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Fig. 12 Phase distribution along caustic of focused shaped

Figure 13 shows the changed intensity and phase distri-
bution in the focal plane at z=80mm due to the beam shaping.
The intensity distribution from figure 13a agrees with that
from the free space propagation in the far field (figure 4c).
One can see the square and rectangular intensity ranges sep-
arated by zero crossings. The phase distribution shown in
figure 13b shows that the phase changes suddenly between
zero and Pi as the intensity crosses zero. After such a zero
crossing, the amplitude oscillates locally offset by 180°,
which is indicated by the different colors of the horizontal
lines. However, compared to the direction of polarization of
the unshaped Gaussian beam (figure 9b), the beam-shaping
element does not affect the type of polarization or its orien-
tation in space, which is indicated by the orientation of the
horizontal lines.
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Fig. 13 Intensity distribution (a) and phase distribution (b) of
focused shaped

A cross-section of figure 11, along the optical axis z,
with x=y=0 shows that the peak intensity on the optical axis
varies. The variation of the peak intensity on the optical axis
along the axis z is shown in figure 14. It can be seen that the
highest peak intensity is no longer in the focal plane as with
the Gaussian beam, but is in front of and behind it (x1PI).
Also, the positions of two second order Top-Hats (+2TH), of
the two first order Top-Hats (£1TH), as well as of the zero
order Top-Hat (zZTH) are shown.

o normalized intensity [a.u.]

79 80 81
propagation position z [mm]
Fig. 14 Cross-section along optical axis z (x=y=0) for shaped

beam according to Fig. 11, relative intensity levels for characteris-
tic profiles are indicated

For values of NA above 0.3, the caustic can be consid-
ered to be symmetrical. Therefore, in such cases, the charac-
teristic profiles mentioned above are arranged in pairs, sym-
metrically around the focal plane. The normalized cross-sec-
tions of the characteristic intensity profiles and the corre-
sponding unshaped Gaussian focal spot are shown in figure
15.
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Fig. 15 Intensity cross-section of characteristic profiles, a) +
second order Top-Hats (+2TH), b) first order Top-Hats (+1TH), c)
peak intensities (£PI), d) zero-order Top-Hat (zTH) at focal plane,

¢) unshaped Gaussian focal spot
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The size of the characteristic profiles and their position
depend only on the NA and the wavelength L. Table 2 shows
the benchmark values for the relative intensity, location nor-
malized to the Rayleigh length zy, the width at FWHM nor-
malized the FWHM of the unshaped Gaussian focal spot and
the width at 1/e? normalized to the radius o of the unshaped
Gaussian focal spot, respectively.

Table 2 Features of characteristic profiles
relative  Rel. 0 FWHM 0 e

Profile  jntensity ~location  [Gaussian 201]
(1] FWHM] [2or
+2TH 0.04 6.87 6.76 5.51
+ITH 0.12 4.20 3.84 3.15
+PI 1 1.44 1.23 1.28
ZTH 0.5 - 2.06 1.55

3.1.3 Symmetry of caustic

The maximum value of the peak intensity (-PI) in front
of the focal plane can be defined as IPI, and the maximum
value of the relative peak intensity (+PI) behind the focal
plane as BPI. In this case the homogeneity hp of both peaks
can be calculated as follows [38]:

IPI-BPI
IPI+BPI

hy = ®)

If hy, is close to 1, the propagation behavior is symmet-
rical with respect to the focal plane. The symmetry of the
caustic of the shaped focused beam shown in the previous
section can be broken by two parameters. The first parameter
is the NA of the focused beam. For values of NA less than
0.3, the symmetry decreases with NA— 0. With NA=0, the
zero-order Top-Hat is the far-field profile according to Fig.
4c and every profile behind vanishes. The behavior of the
broken symmetry is shown in figure 16a using the example
of a focused beam with w= 0.75mm, A = 532nm, f= 80mm,
NA = 0.0094 and a=b=0. In this case the value of h, is 1.15.

By increasing the parameter b, it can be observed a free
space propagation between the beam shaper and focusing
optic according to section 5.1. Due to this free space propa-
gation, parts of the caustic do not reach the focusing optic
and are therefore no longer available to the caustic of the
focused beam. As a result, parts of the caustic disappear in
front of the focal plane, causing the asymmetry to tilt in the
opposite direction. This relationship is shown in figure 16b
for the parameter set 0= 0.75mm, A = 532nm, f= 80mm, NA
=0.0094, b=166mm and a=0. In this case the value of h, is
0.86. Therefore, when varying from b= 0 to b=166mm, the
value hp=1 must be exceeded. This happens for this special
case with NA=0.0094 at b = 70mm. The resulting caustic for
the parameter set 0= 0.75mm, A = 532nm, f= 80mm, NA =
0.0094, b = 70mm and a=0 is shown in Fig. 16c.
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Fig. 16 Caustic of shaped beam along z axis, ®= 0.75mm, A =
532nm, f=80mm, NA = 0.0094, a) b=0mm, b) b=166mm, c)
b=70mm

It is obvious that the influence of the value of b accord-
ing to section 5.1 becomes significantly less sensitive with
increasing radius o of the Gaussian beam, because accord-
ing to equation 2 there is a quadratic dependency. And it can
be assumed that there is a certain combination of NA and b
that results in a value for h, close to 1 and produces a sym-
metric propagation behavior. Based on this assumption, a
parametric study was performed to obtain the h, value as a
function of NA and b. In order to get a more general relation,
one can express the parameter b in units of the Rayleigh
length z of the unfocused beam with the waist radius of og.
The results of this parametric study are shown in figure 17.

From the figure, it is possible to derive the h, value as a
function of NA and b. Where b is specified in the unit of the
Rayleigh length of the free space beam.
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Fig. 17 Map for the homogeneity h, and its dependence on
NAand b

If you are close to the line with h, = 1 with your param-
eter combination, then there is a symmetrical propagation
behavior of the caustic, the two peaks +PI have identical in-
tensity values (Fig. 16¢) and the relationships shown in table
2 are valid. Ifyou have an h, value from the yellowish range,
the intensity value of (-PI) is greater than that of (+PI), cor-
responding to Fig.16a. The caustic is unsymmetrical and the

propagation behavior after the focal plane is stretched com-
pared to the propagation behavior before the focal plane. The
position and size of the Top-Hat profiles 2TH and 1TH in
particular has changed significantly depending on the hp
value. If you have an h,, value in the bluish range, the oppo-
site is the case, corresponding to Fig.16b.

As shown in section 5.1, the parameter a has no signifi-
cant influence on the free-space propagation (Fig. 5), so that
there is no appreciable influence on h, by the parameter a,
table 3. This is because the caustic in front of the focusing
optics depends only slightly on parameter a and is essentially
determined by parameter b.

Table 3 Influence of parameter a on hy

oi[pm]  a[mm] o) [um] b[mm] f[mm] hp
3535 738.16 500 0 80 1.38
3535 738.16 500 70 80 1.01
500 0 500 0 80 1.36
500 0 500 70 80 1

3.1.4 Symmetry for enhanced depth of focus

The caustic can be stretched or compressed overall by
changing the parameter s. This also changes the positions of
the characteristic profiles + (2TH, 1TH, PI). If the value s >
o, the ZTH and the +2TH profiles disappears and the peaks
+PI are closer together (Fig. 18).

o normalized intensity [a.u.]

o normalized intensity [a.u.] -

79 s 8 79 80 g1

propagation position z [mm] propagation position z [mm]
Fig. 18 Cross-section along optical axis z (x=y=0) for FBS

shaped beam, ®=2.5mm, f=80mm, NA=0.03125, A = 532nm, a)

s=m, b) s=1.25m, relative intensity levels for characteristic pro-

files are indicated

As the s value increases, the peaks merge and it is possi-

ble to obtain an increased depth of field compared to Gauss-
ian beam (Fig. 19), while footprint remains nearly Gaussian.

1 1
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<, g,
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5 g
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79 80 81 79 80 81

propagation position z [mm] propagation position z [mm]
Fig. 19 Cross-section along optical axis z (x=y=0), ®=2.5mm,
f=80mm, NA=0.03125, > = 532nm,
a) unshaped Gaussian, b) shaped beam with s=1.5®
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In order to achieve the best possible homogeneity, the
findings from sections 5.1 and 5.2 must be taken into ac-
count while varying s, since only a value of h, close to 1
allows the increase in depth of field.

3.1.5 Influence of NA and b on size and location of
higher order Top-Hat profiles

As shown in section 5.3, some combinations of NA and
b can introduce an asymmetry into the caustic, which
changes the position and size of the Top-Hat profiles com-
pared to the values in table 2. This can be used in a targeted
manner to increase the possibilities of achieving different
Top-Hat sizes with a single beam shaping element. This is
exemplified for the -2TH profile shown in Fig. 20. With
larger values of b, even more pronounced changes in Top-
Hat size can be achieved. A detailed documentation of all
possible variants would go beyond the scope of this publica-
tion.

0.03

0.025

0.02

0.015

numerical aperture NA

J—

8307 ", T e
10 15 20 25 30 35 40 45 50
distance b*100 [zus]
Fig. 20 Map for the size of -2TH profile and its dependence
on NA and b

R

3.1.6 Adaption of generated Top-Hat sizes and geometry
Another way to increase the flexible use of the beam
shaping element is to consider the x- and y- axes separately.
In this way, different x- and y-positions of the caustic can be
superimposed. So, it is possible for example to overlay the
zTH profile of the x-axis with the -2TH profile of the y-axis
to get a rectangular Top-Hat profile.
For this, the x- and y- axis must have different focal lengths.
In the simplest case, it would be conceivable to combine a
cylindrical optic with a spherical optic. About the distance
between the cylinder optic and the spherical optic, the focal
length could be set specifically for one axis. In this case, a
very detailed consideration regarding the focal lengths that
can be achieved and the resulting positions of the character-
istic profiles +/-(2TH, 1TH, PI) and zZTH must be made in
advance.

A much more flexible method would be to use a cylinder
telescope with a magnification scale of 1. Here you can gen-
erate an additional refractive power by means of a non-ideal
collimation after the telescope and place the position of the
characteristic profile for one axis arbitrarily on a character-
istic profile of the unaffected axis. In addition, a cylinder tel-
escope can also have a different magnification scale or a
zoom function with a variable magnification scale. Of
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course, two cylindrical telescopes rotated by 90° can also be
combined.

The concept is shown in Fig. 21. In this example, the x-
axis only passes through the spherical lens for focusing. The
y-axis, on the other hand, is widened by a cylinder telescope
and a slight additional refractive power due to the non-opti-
mal collimation. This allows the different positions to be su-

perimposed.
telescope
b2 b3

Fig. 21 Schematic of optical setup to adjust Top-Hat size and
geometry

beam Shaper
distance z

—

=y

beam Shaper
distance z

Simulations were carried out based on figure 21. For this
purpose, ideal cylindrical lenses (thickness Omm) for the y-
axis were used. Lenses with a focal length of f;=-100mm and
£,=200mm were positioned one after the other at a distance
by of 100mm to realize a cylinder telescope with a magnifi-
cation of 2. With b,=100mm there is an ideal collimated
beam. The input beam of the laser has a radius of
o=0.75mm, the distance a is zero. The distances b; (beam
shaper | telescope) and the distance bs (telescope | spherical
lens) are also zero. The collimation of the y-axis and thus the
position of the characteristic profiles can be controlled via
the distance b,.

The resulting profiles in the focal plane of the spherical
lens with f= 80mm for different values of b, are shown in
figure 22. It should be clear that the zZTH Top-Hat profile is
generated for the x-axis in the focus of the spherical lens and
the other characteristic profiles are superimposed on this
profile by changing the collimation of the y-axis. Inserting
the cylinder telescope creates an additional distance between
the beam shaper and the focusing optics. This affects the
symmetry of the caustics. In addition, the NA of the y-axis
is changed, which also affects the caustics. Whether the find-
ings from section 5.3 — 5.5 can be transferred one-to-one to
the use of a telescope is not the subject of this work. How-
ever, the basic behavior is given. The following table 4 gives
an overview of the superimposed profiles shown in figure 22.
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Fig. 22 Different profiles generated in the focal plane of the
spherical lens by varying the parameter b2, each frame has a size
of 50x50um, a) b2=74.25mm, b) b2=85.75mm, c) b2=100mm
(collimated), d) b2=95mm, €) b2=111mm, f) b2=117mm

Table 4 Overview superimposed profiles
. b2 [mm] . .
Figure y-axis profile x-axis profile y-axis
22a 74.25 ZTH 2TH
22b 85.75 zTH -1TH
100mm
22c (collimated) zTH zTH
22d 95.00 zTH +PI
22¢ 111.00 ZTH +1TH
22f 117.00 ZTH +2TH

3.1.7 Considering other geometries for phase structure

One-dimensional phase structures which enable the gen-
eration of a one-dimensional homogenized profiles have al-
ready been described in the literature [43]. The cross section
along the homogenized intensity profile is similar to that of
the zTH profile. As part of the work on two-dimensional
beam shaping described here, it was also examined whether
the relationships described above also apply to one-dimen-
sional structures.
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In summary, with one-dimensional beam shaping, there
are Top-Hat profiles in front of and behind the focal plane,
similar to the +/- 2TH and +/- 1TH profiles. The concepts
from sections 5.3, 5.5 and 5.6 can also be applied. The pro-
files of the peaks +/-PI can also be seen, but in the case of
one-dimensional phase structures their intensity is not higher
than the intensity in the focal plane. If you create a cross-
section similar to figure 10 or 14 for the one-dimensional
case, it will resemble figure 10. Thus, the concept of ex-
tended depth of field is not transferrable to the one-dimen-
sional case.

3.2 Experimental results

The setup shown in figure 23 was used for the experi-
ments. A cw - Nd:YAG laser with intracavity SHG was used
as the light source, wavelength A = 532nm, power p = SmW.
The beam was then expanded using a motorized zoom tele-
scope developed by Topag Lasertechnik. After the telescope
the laser beam was directed via the mirrors M1 and M2 to a
CinSquare measuring device from Cinogy, model: CS-300h,
to determine the beam quality M? of the laser beam for dif-
ferent magnification.

After checking the beam quality, the mirror M1 was re-
moved, different optical setups were realized and the result-
ing light distributions were detected with a WinCamD-LCM
camera.

mirror M2

M? measurement
/_

Fig. 23 Scheme of the experimental setup

different
optical setups

motorized
zoom-telescope

laser

‘mirror M1

The beam quality was measured up to a 4-fold expansion,
resulting in a beam diameter of 3.6 mm. The beam quality
M? was < 1.05 for all measurements. The ellipticity was al-
ways in the range of 0.96. Finally, a beam diameter of 3mm
@1/e* was set behind telescope for further investigations.
The resulting profile is shown in figure 24.

Wua @135%
2Wub @ 50.0 %

2926.0 um

1723.8 um

S\

e
rem

k- 1% 0%
3009.9 um
1770.5 um

st -1 5.8 s
2Wva (0 13.5 %
2vvb @500 %

el = TP i BTN ALY

Fig. 24 Beam profile behind the telescope

3.2.1 Extend depth of focus

For the experimental verification of the findings from
sections 5.1, 5.3 and 5.4, the setup shown in figure 25 is po-
sitioned behind the telescope from figure 23. A self-devel-
oped objective with a focal length of 88mm was used for
focusing. This ensured a good focusing property.
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Fig. 25 Scheme of the optical setup behind spherical telescope
for enhanced depth of focus

With ®=1.5 mm and b=0, the resulting NA=0.017 al-
ready leads to a high homogeneity h,. With b=100mm =
0.007-z£, h, can be optimized to reach a value close to one.
The maximum intensity for different positions was deter-
mined along the caustic of the focused beam. The results are
shown in figure 26. First, a diffractive structure with s=®
was used. The resulting intensity profile is shown in figure
26a. A high value of h, close to 1 can be seen. In addition,
the results show a relative intensity of zZTH to +-PI of 0.52,
which corresponds to the value from table 2 with a small de-
viation around 5%.

Replacing the beam shaper by an element with a diffrac-
tive structure with s=1.5® results in the intensity profile
shown in figure 26b. The high homogeneity of the +/-PI
peaks still can be seen, but according to section 5.4 the peaks
are almost merged, which means that the effective depth of
focus can be increased.

09 @) 09 D)
=08 =08
20,7 30,7
208 o6
=05 ~05
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03 €03
02 0,2
0,1 0,1
0 0

85 86 87 88 89

position [mm]

£l 91 85 86 87 88 89

position [mm]

90 91

Fig. 26 Measured peak intensity along optical axis z,
o=1.5mm, f=88mm, NA=0.017, b=100mm, A = 532nm
a) s=m, b) s=1.50

3.2.2 Adaption of generated Top-Hat sizes and foot-
prints using cylindrical telescope

In order to generate homogenized beam profiles with dif-
ferent sizes and geometries, the optical system shown in fig-
ure 27 was placed behind the spherical telescope. The optical
system consists of a beam shaper for 3mm Gaussian input
beam, a cylindrical lens with f = 400mm (Thorlabs
LJ1363RM-A), a cylindrical lens with f = -200mm
(Thorlabs LK1069RM-A) and a spherical lens with f =
250mm (Eksma 110-0235E|AR532) for focusing. The cylin-
drical lenses form a cylindrical telescope for the y-axis with
a reduction factor of 2. With b, =198mm, the cylindrical
telescope delivers a collimated output beam with a diameter
of 3mm for the x-axis and a diameter of 1.5mm for the y-
axis. The resulting output beam is shown in figure 28.
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Fig. 27 Scheme of the optical setup behind spherical telescope
for variation of Top-Hat geometry
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Fig. 28 Beam profile behind the cylindrical telescope, no FBS
element in beam path

If the camera is positioned in the focal plane of the spher-
ical lens, the Top-Hat distribution shown in figure 29a is ob-
tained. The zZTH profile (2 peaks, see Table 1) can be seen
for both axes, whereby the width of the profile differs for the
two axes and therefore has a rectangular footprint. The ratio
of the edge length corresponds to that of the reduction factor
of the cylindrical telescope.

If the distance b, changed that there is no longer any col-
limation, the effective focal length for the y-axis is changed,
so to speak. In this way, different profiles can be generated
for the y-axis at the fixed location of the camera and super-
imposed on the zTH profile of the x-axis. In figure 29b this
effect is for the combination zTH | 1TH and in figure 29¢ for
the combination zZTH | 2TH shown.

Clearly, the camera can also be positioned outside the
focal plane of the spherical lens, so that the ZTH profile is
no longer recognizable for the x-axis. For example, it is pos-
sible to position the camera at the position of the -2TH pro-
file on the x-axis. In this case, too, the different characteristic
profiles of the y-axis can be superimposed on the -2TH pro-
file of the x-axis via the distance b,. In figure 30a this effect
is for the combination -2TH | zZTH, in figure 30b for the com-
bination -2TH | Pi and in figure 30c for the combination
-2TH | 1TH shown.

The experimental results confirm the theoretical consid-
erations from section 5.6 and show the flexible use of the
beam shaping element.
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Fig. 29 Measurements of superimposed beam profiles in the
focal plane, a) zZTH (x-axis) | zTH (y-axis), b) zTH (x-axis) | ITH
(y-axis), ¢) zTH (x-axis) | 2TH (y-axis)
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Fig. 30 Measurements of superimposed beam profiles outside
the focal plane, a) -2TH (x-axis) | zZTH (y-axis), b) -2TH (x-axis) |
PI (y-axis), ¢) -2TH (x-axis) | 1 TH (y-axis)

4. Conclusion

The study examined how the free space propagation be-
tween a beam shaping element for Top-Hat generation and
the focusing optics affects the beam shaping result used in
laser micromachining. The distance between the beam shap-
ing element and the focusing optics can influence the posi-
tion and size of the achievable Top-Hat profiles. For certain
positions there is a symmetrical caustic of the focused beam.
If this is the case, the beam shaping property can be used by
adjusting the optical setup to increase the depth of field of a
Gaussian profile. In addition, concepts were presented that
allow different Top-Hat geometries to be achieved with one
beam shaping element.
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