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The smallest width of a Gaussian beam at the focal plane is called waist and is only limited by
the diffraction limit of the light. The waist determines the Rayleigh length which is the distance
from the waist at which the width of the Gaussian beam increases by a factor of 2!2 or the intensity
decreases by a factor of 2. With regard to laser material processing, these changes in spot size and
intensity are typically undesirable. For example, variations in surface profiles or thickness of the
processed material could require adjustment of focus. In this simulation study, we present a beam
shaping method based on a development of the Fundamental Beam Mode Shaper (FBS) concept for
enhanced depth of focus. Using this concept, an enhancement of Rayleigh length of 20% and a more
homogeneous peak intensity around the focal plane is achieved.
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1. Introduction

In the field of micro processing, pulsed solid-state laser
are an indispensable tool meanwhile. Pulses with TEMO0O
Gaussian beam profiles, low energies with few 100 uJ and
durations in the nanosecond (short pulse), pico-second or
femtosecond (ultra-short pulse) range are typically provid-
ed by such systems. Actual research is carried out in par-
ticular in the field of ultra-short pulse systems, due the
minimized laser induced damage [1].

It is known that a Gaussian distribution is the desired
spatial intensity profile for many applications because it
maintains its distribution during propagation and focusing.
It enables an excellent focusing down to few micrometers,
resulting in a high structural resolution of the laser mi-
cromachining process. The smallest width of a Gaussian
beam at the focal plane, called waist which, is only limited
by the diffraction limit of the light. The waist determines
the Rayleigh length which is the distance from the waist at
which the width of the Gaussian beam increases by a factor
of 2! or the intensity decreases by a factor of 2 [2, 3].

Since a certain laser fluence threshold is needed for the
ablation during the laser processing, changes in spot size
and thus in intensity and power density are typically unde-
sirable. For very small spots in the 10 um range, this can
only be a few 100 um in Rayleigh length, which limits the
processing work area to this distance. High-precision pro-
cessing, places additional demands on the inclination, flat-
ness and irregularities of the samples. Axicons can be used
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to increase the depth of field and thus the process stability
[4, 5]. However, there are also several drawbacks to using
axicons. On the one hand, they generally lead to low ener-
gy efficiency for this application. Constructive interference
effects near the focal point lead to strong intensity modula-
tions, which are distributed concentrically around the focus
[6]. In addition to the energy loss, this can generate unde-
sirable effects on the material and reduce the lateral resolu-
tion. Axicons with minimum size tip are difficult to manu-
facture. Manufacturing errors can lead to further interfer-
ence effects along the optical axis, which also negatively
affects the intensity of the extended focus [7]. For this rea-
son, methods have recently been developed that combine
an axicon with a binary phase plate, resulting in a signifi-
cant reduction in intensity modulation [8, 9]. Other con-
cepts use spatial light modulators (SLM) to provide the
phase distribution required to generate an extended depth
of field [10]. Such SLMs are typically expensive and show
a limited damage threshold. SLM phase-only beam shaping
for an extended depth of field also leads to unwanted inter-
ference effects, concentrically distributed around the focus.
The interference effects can be reduced by adding an addi-
tional amplitude modulation [11]. However, this reduces
the overall efficiency.

But a Gaussian beam profile in the focal plane is not the
most suitable profile for every application. If a Gaussian
beam profile is used, the part of the beam with intensity
below the ablation threshold does not contribute to the laser
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process. This energy part can be absorbed, leading to un-
wanted heating of the material. With a more homogeneous
intensity distribution a larger part of pulse energy contrib-
utes to the ablation process, leading to less heating of the
material and thus providing higher efficiency. Several stud-
ies have shown that the use of so-called Top-Hat beam pro-
files with constant level energy distribution can improve
quality and efficiency of different laser processes [12, 13].

In this work, we focus on the so-called Fundamental
Beam Mode Shaper (FBS) which originally was developed
to generate a Top-Hat beam in the focal plane of a lens
[14]. The FBS concept has been shown to be advantageous
for Laser-Induced Breakdown Spectroscopy (LIBS) [15,
16], Matrix-assisted Laser Desorption/lonization (MALDI)
[17], Direct Laser Interference Patterning (DLIP) [18] and
thin film applications [19, 20].

In order to gain a better understanding of the propaga-
tion behavior of an FBS shaped beam, detailed simulation
study is carried out in this work. It is shown how, in addi-
tion to the homogenization of the intensity in the focus, a
greater depth of field can be achieved with a simple binary
FBS phase plate, only by introducing small changes in the
optical setup. The optical element has high transmission
and efficiency. The enhanced depth of focus shows no un-
wanted interference effects. By superimposing two FBS
phase distributions a further enhancement of depth of focus
is achieved.

2. Important features of FBS concept

The FBS concept is described in detail in [14]. The
concept uses a binary phase information which is applied to
a Gaussian input beam. The lateral structure of the phase
information is given by the parameters b and s (see Fig. 1),
and can be described by Eq. 1.

Fig. 1 Binary phase distribution of FBS concept with two
phase values: T & zero

phase = T+ (rect (%) -rect (ﬁ) + rect (yTib) :

rect (be—_s)> (1

This phase information can be converted into an optical
component using lithographic methods like Reactive-lon-
Etching (RIE) and Ion-Beam-Etching (IBE) [21 - 23] lead-
ing to a FBS phase plate.

For the desired beam shaping configuration, a Gaussian
beam propagates through a FBS phase plate and is focused
by a lens. The amplitude g(x,y) of a Gaussian beam is giv-
en by:

xZ +y2
g (x,y) = exp (——)

w?
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defining ® as the radius of the Gaussian beam where the
amplitude of the profile has dropped to 1/e ~0.368

Originally the FBS concept was developed to generate
a homogeneous Top-Hat profile in the focal plane of a lens.
Based on a parameter scan and on the results shown in [14]
the following requirements for the FBS phase structure
must be fulfilled:

b— =
2

A3)

S w

“4)

The FBS phase plate shows only two levels. The height
difference depends on the wavelength used. For optical
glass with a refractive index of approximately 1.5 the
height difference is in the same range as the wavelength.
Typical radii of Gaussian input laser beams are in the range
of millimeter. Due to equations 3 and 4 the lateral structure
size s of the FBS phase plate is also in the millimeter range.
This relatively large lateral structure does not place special
requirements on well-established lithographic manufactur-
ing processes. The lateral structure size and the height dif-
ference can be set and measured very precisely, smaller
than 10 nm, leading to negligible errors. A detailed descrip-
tion of the FBS manufacturing process is shown in [14].

In this work we show that by varying the FBS structure
size s the intensity of a Gaussian beam around the focal
plane can be homogenized as well as the Rayleigh length
will be increased.

3. Simulation Model

The FBS concept is based on diffraction of coherent
light. For the simulation of the propagation behavior of
focused beams, the commercial physical optics software
VirtualLab Fusion was used, on a workstation with an
AMD Ryzen™ Threadripper™ 2990WX processor, 32
cores, 3GHz and 128GB RAM memory. VirtualLab Fusion
provides two physical optics simulation engines, Classical
Field Tracing and Field Tracing 2" Generation. In this
study Field Tracing 2" Generation was used, which selects
automatically the most suitable Fourier transform out of
Fast Fourier Transformation, Semi-analytical Fourier
Transformation and Homeomorphic Fourier Transfor-
mation [24, 25]. In Fig. 2 the used simulation strategy is
shown. The parameter z indicates the absolute positions
along the propagation axis z. The Gaussian input beam, the
used FBS phase function as well as the focusing ideal lens
are combined at position z=0.

For a certain combination of Gaussian input beam
radius o, lateral FBS structure size s and focal length f of
ideal lens the intensity distribution along the propagation
axis z was calculated in front and behind the focal plane.

Preliminary investigations have shown that distances
between the planes of Gaussian input beam, FBS phase and
lens of less than one meter do not have any significant in-
fluence on the intensity distribution along the caustic. Since
the distances between the different planes would only un-
necessarily increase the computing time, they were set to
zero. Larger distances have not been investigated yet.
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Fig. 2 Simulation strategy used in VirtualLab Fusion

4. Simulation Results

At first, the propagation behavior of a focused Gaussian
beam is compared with the behavior of a FBS Top-Hat
shaped beam. Some striking intensity profiles of FBS
shaped beam along propagation axis z are identified. It will
be shown how the FBS structure size s can influence the
location of these intensity profiles and how this could be
used to homogenize the intensity along the optical axis
around the focal plane.

4.1 Caustic of FBS shaped beam

In this section, images of the calculated caustic of fo-
cused beams are presented. To generate these images sev-
eral 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 as-
sumed, that for each z position the cross-sections of the y —
axis are equal to the cross-sections of the x —axis. Each
displayed image of a calculated caustic is normalized to the
maximum intensity.

In Fig. 3 the caustic around the focal plane of an ideal
focused Gaussian beam with wavelength A = 532 nm, focal
length f = 80 mm and input beam radius ® = 2.5 mm is
shown.
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Fig. 3 Caustic of focused Gaussian beam along z axis

Taking a cross-section from Fig. 3, along z axis, with
x=y=0 shows the variation of peak intensity along the opti-
cal axis for the propagating beam. As typical for focused
Gaussian beams, the highest peak intensity is located in the
focal plane at 80mm (see Fig.4).
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Fig. 4 Cross-section along optical axis z for focused Gaussian
beam, x=y=0

The numerical aperture NA of the focused beam is cal-
culated by:
NA=2
: 5)
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 M? =1:
Yl

Wy = m (6)
The waist or determines the Rayleigh length z:
T w N
2z, =— )

By applying the FBS phase to the Gaussian input beam
and fulfilling the requirements according to Eq. 3 and 4, the
caustic is changed as shown in Fig.5. A cross-section of
Fig. 5, along the optical axis z, with x=y=0 shows that the
peak intensity on the optical axis varies. This variation of
the peak intensity on the optical axis along the propagation
axis z is shown in Fig. 6.

In addition, as shown in Fig. 5, five striking x,y-
intensity profiles could be detected along the propagation
axis z, consisting of three Top-Hat profiles with homoge-
neous cross-sections as well two peak intensity positions.

Beside the so-called zero order Top-Hat (zTH) in the
focal plane two first order Top-Hats (=1 TH) are generated.
One first order Top-Hat profile is in front and one behind
the focal plane. Also, it could be seen that the highest peak
intensity is not in the focal plane anymore. One of the
highest peak intensities (£PI) is in front and one behind
focal plane. For the used NA=2.5/80= 0.03125 the loca-
tions are distributed symmetrically with respect to the focal
plane. The location of (=1TH) is roughly at 4 times the
Rayleigh length from the focal plane. The location for the
(£P]) is close to 1.5 times the Rayleigh length from the
focal plane. The plateau p shown in Fig.5 is the area with a
constant homogeneous cross-section for the zero-order
Top-Hat along beam direction. The normalized cross-
sections of the described intensity profiles as well as the
corresponding unshaped Gaussian focal spot are shown in
Fig.7.
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Fig. 5 Caustic of FBS shaped beam along z axis
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Fig. 6 Cross-section along optical axis z (x=y=0) for FBS
shaped beam according to Fig. 5, relative intensity levels for im-
portant z positions are indicated
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Fig. 7 Cross-section of striking intensity profiles, a) =+ first or-
der Top-Hats (=1TH), b) peak intensities (£PI),
¢) zero-order Top-Hat (zZTH) at focal plane, d) unshaped
Gaussian focal spot

With s= o the spot size of zZTH is ~ 1.5 times, the spot
size of (x1TH) is ~ 3 times larger than the unshaped Gauss-
ian waist at the focal plane.

In addition to changing the light intensity near the opti-
cal axis, the FBS concept also creates side lobes around the
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desired spot profile. The maximum relative intensity of
these side lobes with respect to the corresponding value on
the optical is approximately 7% for the highest peak inten-
sities (£PI) and approximately 5% for the zero order Top-
Hat (zTH). The relative intensity of the side lobes is influ-
enced by the relation of the FBS phase structure size s to
the Gaussian beam radius, as shown in the next sections.

4.2 Influence of numerical aperture of focused beam
When the NA of the focused beam is reduced, it can be
seen that the symmetry of the propagation vanishes. In
Fig. 8 the caustic of an FBS shaped beam is shown, with
s=o=1 and =320 mm leading to NA=0.003125. The max-
imum value of the peak intensity (+PI) as well as the inten-
sity of the first order Top-Hat (+1TH) behind the focal
plane have lower values in comparison to the profiles in
front of the focal plane. It means that for NA— 0 the zero-
order Top-Hat is the far-field profile and every profile be-
hind the focal plane vanishes. In addition, it can also be
seen that the relative locations of (+PI) and (+1TH) behind
the focal plane are shifted. The maximum relative intensity
of the side lobes remains approximately constant in com-
parison to the caustic with NA=0.03125 shown in Fig.5.
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Fig. 8 Caustic of FBS shaped beam along z axis
(s= o=1mm, f=320mm, NA=0.003125)
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Fig. 9 Cross-section along optical axis z (x=y=0) for FBS
shaped beam according to Fig. 8, relative intensity levels for im-
portant z positions are indicated

In Fig. 9, the peak intensities for (+PI) are indicated. By
defining the maximum value of the peak intensity (-PI) in
front of the focal plane as IPI, and the maximum value of
the relative peak intensity (+PI) behind the focal plane as
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BPI, the homogeneity h, of both peaks can be calculated as
follows:

IPI-BPI
IPI+BPI

h, =1 3

D

Consequently, the homogeneity h, depends on the nu-
merical aperture NA of the FBS shaped focused beam. This
relation is shown in Fig.10. For a homogeneity above 90%
the numerical aperture should be better than 0.005.
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Fig. 10 Dependence of the homogeneity h;, on the numerical
aperture NA

The studies show that the homogeneity becomes better
and better with increasing numerical aperture. NA values
up to 0.1 were investigated and showed a homogeneity hp
close to 100%. The caustic as shown in Fig.5 remains prin-
cipally unchanged. Since the concept introduces only small
phase changes, it can be assumed that higher values do not
represent a problem either.

4.3 Influence of FBS structure size

When the dimensions of the FBS phase structure size s
will be increased laterally with respect to the Gaussian
beam, the diffraction effects will be reduced and the zero-
order Top-Hat vanishes. However, the location of the peak
intensities (+/-PI) and the first-order Top Hat profiles (+/-
1TH) move towards the focal plane at the same time. This
effect is shown in Fig. 11 using a FBS structure size
increased by 25% (s=1.25w) relative to the parameters in
Fig. 5 (s=1w). With respect to Fig. 10 and NA=0.03125 the
homogeneity h;, is close to 100% and we can state:

IPI = BPI =PI ©)]

By defining the intensity in the focal plane as FI the
homogeneity hr of the intensity with respect to the peak
intensity PI along the optical axis z around the focal plane
can be calculated as given in Eq.10:

PI-FI
PI+FI

1-—

hy = (10)
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Fig. 11 Caustic of FBS shaped beam along z axis
(s=1.250 =3.125mm, f=80mm, NA=0.03125)
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Fig. 12 Cross-section along optical axis z (x=y=0) for FBS
shaped beam according to Fig. 11, relative intensity levels for
important z positions are indicated

Due to the reduced diffraction effects the maximum
relative intensity of the side lobes is also reduced. The in-
tensity of the side lobes in the focal plane is approximately
1% and 3% for the highest peak intensities before and be-
hind the focal plane, respectively.

4.4 Connecting peak intensities

As seen from Figs. 5 and 6 and Figs. 11 and 12 the FBS
structure size s has an influence on the drop of the intensity
FI in the focal plane and consequently on the homogeneity
hr This relation is shown in Fig.13. It can be seen that
there is no drop of intensity FI anymore when a FBS struc-
ture size s > 1.5 is used. In this case the two peak intensi-
ties IPI and BPI can be merged, leading to hr = 100%.

For a focal length f = 80 mm, s=3.75 mm and an input
beam radius @ = 2.5 mm (NA=0.03125), the connected
peak intensities are shown in Fig. 14.

Fig. 14 and 15 show an improvement of intensity ho-
mogeneity on optical axis along propagation direction in
comparison to a Gaussian beam. But due to the diffraction
effects introduced by the FBS phase information, the waist
in the focal plane is slightly increased in comparison to the
unshaped diffraction limited Gaussian focal spot.
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shaped beam according to Fig. 14,

According to Eq. 7, the Rayleigh length depends on
waist size. To make the Rayleigh length of unshaped and
shaped beam comparable, the input Gaussian beam in the
simulation for unshaped setup was slightly reduced. Table 1
shows the comparable results based on the same waist size
or at the focal plane.

Table 1 Comparison of Rayleigh length z:
Input Beam of [um]  © [mm] f [mm] z: [um]
Gaussian beam 5.97 2.27 80 210
FBS 597 2.50 80 250

shaped beam*
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*s=1.50

By combining the Gaussian beam with a FBS phase
(FBS structure size s = 1.5 o) the Rayleigh length could be
increased by ~20%. Even more important is the fact that
the profile shows constant peak intensity on optical axis
along 30% of the improved Rayleigh length (see Figs. 14
and 15). At the same time the focal spot remains near
Gaussian, showing a slight ellipticity of ~1.04, as shown in
Fig. 16. The energy in the focus spot is >99% of the input

energy.
0.75

. B

)

15

(=]

lateral x-position [um]| 5

-15

-15

Fig. 16 Two-dimensional intensity distribution of FBS shaped
beam at the focal plane, perpendicular to propagation axis z
(s=3.75mm, ®=2.5mm, f=80mm, NA=0.03125)

lateral y-position [um]

To switch the caustic of a FBS shaped beam between
the Top-Hat and the Rayleigh application, the Gaussian
input beam radius has to be increased by 50%. This can
easily be realized by placing the FBS phase plate on a mo-
torized stage within beam expander, which allows a flexi-
ble use of such an element.

4.5 Further enhancement of depth of focus

As the beam at the focal plane in Fig.16 remains Gauss-
ian like while using one FBS phase, the procedure present-
ed in 4.4 can be applied once more for a further enhance-
ment of homogeneity and depth of focus.

Simulations showed that the Rayleigh length as well as
the homogeneity along propagation axis could even be fur-
ther enhanced, if an additional FBS phase with s, = 1.1 is
combined with the current setup. The resulting phase dis-
tribution is shown in Fig. 17. Two FBS phase structures,
one with s;=1.50 and a second with s;=1.1® are superim-
posed. This technique is referred to as double FBS shaping.
By combining a Gaussian input beam with the double FBS
phase (see Fig. 17) the caustic as shown in Fig. 18 will be
realized.
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Fig. 17 Binary phase distribution realized by superimposing
two FBS phase structures, one with s1=1.50» and a second with
s2=1.1w, double FBS shaped concept
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propagation direction z [mm]
Fig. 18 Caustic of double FBS shaped beam along z axis
(s1=3.75mm + $,=2.75mm. ®=2.5mm, f=80mm, NA=0.03125)

Fig. 18 and 19 show the further improvement in homo-
geneity and depth of focus. In this case also diffraction
effects lead to an enlargement of focus in comparison to the
unshaped diffraction limited Gaussian focal spot.The max-
imum relative intensity of the side lobes in the focal plane
increases to approximately 3% and to approximately 9%
for the highest peak intensities before and behind the focal
plane, respectively.

To make the Rayleigh length of unshaped and shaped
beam comparable the input Gaussian beam in the simula-
tion for unshaped setup was reduced. Table 2 shows the
comparable results for the double FBS shaped concept
based on the same waist size or in the focal plane.

Table 2 Comparison of Rayleigh length z:
Input Beam of [um]  © [mm] f [mm] Z: [um]
Gaussian beam 7,44 1,82 80 327
Double FBS 7,44 2.50 80 470

shaped beam*

*s1=150+s2=1.10
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From the table 2 it can be also seen that by using the
double FBS shaping concept the Rayleigh length by a giv-
en spot size at the focal plane could be increased by ~40%
and the profile shows constant peak intensity on optical
axis along 70% of the improved Rayleigh length (see also
Fig. 19). The resulting two-dimensional intensity profile in
the focal plane is shown in Fig. 20. The focal spot remains
near Gaussian, showing some diffraction effects and a
slight ellipticity of ~1.04. The energy in the focus spot is
>90% of the input energy.

Rayleigh length
comparable
Gaussian beam

Rayleigh length
double FBS shaped

normalized intensity [a.u.]

79.5 80 80.5
propagation direction z [mm]|

Fig. 19 Cross-section along optical axis z (x=y=0) for double
FBS shaped beam according to Fig. 18

23 Jlateral y-position [pum]

23

5 -23
|O

Fig. 20 Two-dimensional intensity distribution of double FBS
shaped beam at the focal plane, perpendicular to propagation axis
z (s1=3.75mm + $2=2.75mm. ©=2.5mm, f=80mm, NA=0.03125)

5. Conclusion

In this study we demonstrated how the FBS concept for
generation of homogeneous spot profiles at a focal plane
can also be used to overcome the limitations of the Ray-
leigh length. By varying the size of the Gaussian beam,
which propagates through the optical element, the user can
switch between both features. This can be realized by plac-
ing the optical element at different positions within the
beam expander. Using the FBS concept with an adjusted
input beam size an enhancement of Rayleigh length of 20%
and a more homogeneous peak intensity around the focal
plane is achieved. By superimposing two FBS phase distri-
butions a further enhancement of the Rayleigh length up to
40% is possible.
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