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Abstract. The iterative Fourier transform algorithm (IFTA) is the most widely used algorithm for the
generation of phase masks for laser beam shaping in the field of laser material processing. But its simplicity
and efficiency also come with heavy limitations. We here present an overview of our research into application
adapted laser beam shaping beyond the capabilities of traditional phase retrieval algorithms for beam shaping.
The presented algorithms enable, among others, the explicit optimization of phase masks for the generation of
target light volumes and for tailored temperature distributions within a work piece. Furthermore, we demon-
strate the consideration and pre-compensation of non-linear effects in an optical amplifier for laser beam
shaping with subsequent amplification.

Keywords: Beam shaping, Phase retrieval, Phase mask, Non-linear amplification, Inverse heat conduction
problem.

Nomenclature

IFTA Iterative Fourier Transform Algorithm
DOE Diffractive Optical Element
SLM Spatial Light Modulator
LCoS Liquid Crystal on Silicon
DNN Diffractive Neural Network
IWPA Iterative Wave-optical Propagation Algorithm
DHCP Direct Heat Conduction Problem
IHCP Inverse Heat Conduction Problem

1 Introduction

Laser beam shaping, i.e. the targeted modification of the
intensity profile of a laser beam on a target plane or inside
a volume, has a wide variety of applications in research and
industrial use. For example, in the field of laser material
processing, process adapted intensity distributions enable
a targeted energy input into the work piece to achieve
desired temperature distributions, phase transitions or
ablation results [1–3]. A variety of beam shaping technolo-
gies are employed to achieve the required energy redistribu-
tion within a laser beam from the output of a given laser

source to the desired intensity distribution: For static laser
beam shaping, freeform optics [4, 5] and diffractive optical
elements (DOEs) [6, 7] in particular have become well
established and enable the generation of practically any
physically possible intensity distribution. For dynamically
switchable beam shaping elements, also known as spatial
light modulators (SLMs) [8, 9], the so-called liquid crystal
on silicon (LCoS) technology is currently the de-facto
standard for laser applications [9, 10].

LCoS-SLMs imprint a locally varying phase modulation
(phase mask) onto the incoming beam which, if chosen
correctly, diffracts the beam into the desired intensity dis-
tribution in a plane behind the LCoS-SLM. However, the
determination of a suitable phase mask for a given beam
shaping task is usually an ill-posed problem. The transfor-
mation of a given input beam into a target intensity distri-
bution may not be possible at all, i.e. no solution exists. And
if a solution exists, there are always infinitely many solu-
tions as the phase in the target plane remains a free param-
eter [11–14]. To find one solution, if one exists, so-called
phase retrieval algorithms are used. The iterative Fourier
transform algorithm (IFTA), also called Gerchberg-Saxton
algorithm, is probably the most widely used phase retrieval
algorithm in the field of spatial laser beam shaping [15, 16].

The main assumption for the IFTA is that the wave-
optical propagation of the beam from the phase mask to
the target plane can be described with a single Fourier
transform of the complex electric field [6, 17]. This is based
on the Fourier transform relation between a plane in front
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of an ideal lens and the focal plane behind the lens in the
Fresnel approximation of wave-optics [18]. As (discrete)
Fourier transforms can be calculated numerically very
efficiently [19], this enables the simulation of the light
diffraction behind the phase mask with limited computa-
tional effort. Since the initial publication of the IFTA, more
sophisticated algorithms for phase retrieval have been
published, mostly based on the original IFTA approach
[6, 15, 17]. Still, the original IFTA remains the default
approach in many applications in research and industry
due to its simple implementation and its independence from
additional algorithms for the simulation of wave-optical
light propagation.

When considering optical systems for laser beam
shaping, one disadvantage of this ongoing use of the IFTA
and related algorithms is a limitation regarding the position-
ing of the target plane. Even though the focal plane of a lens
is generally not an optimal choice for the position of the
target plane for laser beam shaping, the focal plane of a
focusing lens (or a plane conjugate to the focal plane)
remains the typical choice for beam shaping systems
[20–22]. Additionally, optical elements or non-linear effects
between the phase mask and the target plane can also not
be considered with IFTA-based approaches.

We here present an overview of our research on phase
retrieval algorithms for laser beam shaping to overcome
the limitations of IFTA-based approaches with a focus on
beam shaping for laser material processing. In Section 2,
we discuss our approach of replacing the Fourier transform
in the IFTA with a full wave-optical propagation through
arbitrary optical systems. This enables a flexible positioning
of the target plane and the use of additional optical
elements. In Section 3, we demonstrate the use of the new
algorithm for the consideration of non-linear effects from
optical amplifiers for laser beam shaping with subsequent
amplification. In Section 4, we present our approach of
coupling the aforementioned algorithm with a solver for
the so-called inverse heat conduction problem for tailored
temperature distributions within a work piece. And in
Section 5, we give an overview of our research into diffrac-
tive neural networks (DNNs). DNNs allow to utilize the
advances in machine learning of the last decade to optimize
phase masks for, among others, high fidelity 2D and 3D
laser beam shaping.

2 Iterative wave-optical propagation algorithm

To overcome the limitations of the single Fourier transform
in IFTA-based phase retrieval algorithms, we implement a
full wave-optical simulation of the light propagation
between the phase mask and the target plane (cf. Fig. 1).
We keep the remaining iterative structure of the IFTA
and refer the reader to the literature for further details
regarding the IFTA-like structure [15, 17, 21]. In reference
to the IFTA, we denote our algorithm in the following as
the iterative wave-optical propagation algorithm (IWPA).

For the simulation of the wave-optical propagations we
use the OPT software package developed at the Fraunhofer
Institute for Laser Technology [23]. OPT consists of a

collection of C++ and Python classes for physical-optical
simulations of light propagation and optical amplifiers
including non-linear amplification and thermally induced
optical effects. The wave-optical free-space propagation of
light is simulated with OPT by solving the Fresnel diffrac-
tion integral [24]. Propagation through optical elements,
such as lenses or phase masks, is calculated in OPT in
the thin element approximation [18]. The remaining IWPA
is implemented in Python with a high-level interface for
the calculation of the light propagation. This allows a
simplified exchange of the simulation algorithm for e.g.
comparisons of the results using OPT or a simple Fourier
transform.

As OPT allows to model practically arbitrary optical
systems, one main advantage of the IWPA is the ability
to position the target plane in front or behind the focal
plane of a focusing lens or do not use a focusing lens at
all. This prevents the need for phase masks with large phase
gradients to counteract the focusing power of the lens when
creating extended intensity distributions [20, 21]. Large
phase gradients are especially disadvantageous when using
beam shaping elements like LCoS-SLMs that inherently
suffer from pixel crosstalk [25–27].

Replacing the single Fourier transform of the IFTA with
a Fresnel diffraction integral for arbitrary or multiple target
planes is not a new concept and is discussed in the literature
for a variety of different approaches [28–30]. It is also
applied for phase retrieval in more complex optical systems
consisting of multiple apertures and optical elements [31].
However, to our knowledge, these concepts are rarely or
never used in the field of laser material processing. The
IWPA also allows us to implement the compensation of
non-linear effects in optical amplifiers as discussed in the
following section.

3 Beam shaping with subsequent amplification

The IWPA also enables the calculation of phase masks for
laser beam shaping with subsequent amplification. Beam
shaping before passing the beam through an optical ampli-
fier has two main advantages: Firstly, an adapted intensity
distribution within the amplifier allows to improve the
energy extraction from the active medium within the ampli-
fier [32]. And secondly, moving the beam shaping element
before the amplification step allows laser beam shaping at
resulting laser powers and intensities beyond the damage
threshold of the used beam shaping element. The damage
thresholds of commercially available SLMs continue to rise
but even “high power handling” SLMs still have damage
thresholds well below 1 kW [33], while the laser power used
in many industrial applications lies in the multi-kilowatt
range [34, 35]. However, for target planes behind the optical
amplifier, the influence of the amplifier (e.g. the generally
non-linear amplification) must be considered and pre-
compensated for by the beam shaping element. To our
knowledge, such a pre-compensation in an optical system
with an SLM followed by an optical amplifier was only
investigated for single homogeneous target distributions,
whereby the beam shaping element was additionally
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controlled via a camera-based control loop [36, 37]. As OPT
allows to simulate the spatially resolved non-linear amplifi-
cation within the optical amplifier, the IWPA enables the
compensation of the amplifier influence for arbitrary
target distributions provided the amplifier is sufficiently
characterized and the target distribution can be realized in
conjunction with the optical amplifier.

To demonstrate this effect, we present simulation
results for a simplified 2f-setup with a focal length
f = 200 mm (cf. Fig. 2). An ideal amplifier is placed halfway
between the phase mask and the focusing lens. The target
plane is positioned in the focal plane of the focusing lens
to allow a comparison with a phase mask calculated via
IFTA. The target intensity distribution is a homogeneous
distribution developed to increase the achievable surface
rates for laser polishing (cf. Fig. 3) [38]. The amplification
of the input beam Iin (x, y) is modeled as

I out x; yð Þ ¼ I S �W G0 � exp I inðx; yÞ=I Sð Þ � I in x; yð Þ
I S

� �

ð1Þ
with the lateral coordinates (x, y), the output beam Iout,
the saturation intensity IS and the small signal gain G0
[39, 40]. W(x) denotes the Lambert W function. The
amplifier is assumed to be a Nd:YAG-crystal with satura-
tion intensity IS = 20 W/mm2 and a small signal gain
G0 = 5 [41, 42]. The original input beam in front of the
phase mask is a Gaussian beam with a diameter (1/e2

intensity) of 6 mm and a power of 100 W. Note that the
input beam Iin in equation (1) is the beam as it is dif-
fracted by the phase mask onto the amplifier at a distance

of f/2 behind the phase mask and is not simply assumed to
be the original Gaussian input beam. The phase mask,
amplifier and the focusing lens are simulated with a field
size of 12.8 mm � 12.8 mm with a resolution of
1023 � 1023 pixels. The pixel number stems from imple-
mentation details of the IWPA via OPT (cf. Sect. 2) that
are optimized for pixel counts along each dimension of
2n � 1; n 2 N. The target plane is simulated with a field
size of 1.5 mm � 1.5 mm with the same pixel count.
The phase levels of the phase mask are continuous, i.e.
no discretization to the phase levels was applied.

Figure 4 compares the simulated beam shaping results
for phase masks calculated via IFTA and IWPA respec-
tively for the optical setup in Figure 2. The corresponding
phase masks are shown in Figure 5. For both phase masks,
the resulting intensity distribution is simulated with OPT
for the optical setup with optical amplifier. As the IFTA
cannot consider the amplifier, the resulting phase mask
leads to a superelevation at the edges of the intensity
distribution. This is caused by the non-linear amplification
(Eq. (1)) that leads to a higher relative amplification for the
lower intensities at the edge of the input beam compared to
the center of the beam. The IWPA can take the amplifier
into account and calculates a phase mask that pre-compen-
sates for the subsequent non-linear amplification. The
resulting intensity distributions are evaluated based on
their normalized root mean square deviation (RMSD) from
the target intensity distribution Itarget:

RMSD ¼ 1
maxðI targetÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

X
n

I n � I target;n
� �2s

: ð2Þ

Figure 1. Flow chart of the iterative Fourier transform algorithm (IFTA) and the iterative wave-optical propagation algorithm
(IWPA). The IFTA uses a forward/inverse Fourier transform to calculate the forward/inverse propagation of light through the
optical system while the IWPA calculates a full (inverse) wave-optical propagation of the light.
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Here, n denotes the index of a pixel in the target intensity
distribution or the simulation result, N is the total number
of pixels and In and Itarget,n are the intensities in the n-th
pixel in the simulation result and in the target distribution
respectively. The RMSD value heavily depends on the area
in the target plane that is used for the evaluation of the
RMSD. For pixels outside of the actual target distribution,
both the target and the actual pixel value are usually
close to zero. As the RMSD calculates a mean deviation,
a larger evaluation area generally leads to lower RMSD
values. For the results shown here, the evaluation area for
the RMSD is the same as the simulated and depicted field
size, i.e. 1.5 mm � 1.5 mm.

The experimental verification of these simulation results
is currently in progress and will be reported in a forthcom-
ing publication.

4 Phase mask design for tailored temperature
distributions

As most material processing applications are governed by
the resulting temperature distribution in the work piece,
it is crucial to determine intensity distributions that result
in the desired temperature distributions for the respective
process. The temperature distribution resulting from a
given intensity distribution can be calculated by solving
the direct heat conduction problem (DHCP). The calcula-
tion of the intensity distribution that results in a given
temperature distribution, however, requires to solve the
ill-posed and much more complex inverse heat conduction
problem (IHCP). Bonhoff implemented an iterative algo-
rithm to solve the IHCP for a given temperature distribu-
tion, material and process parameters and experimentally
verified the performance of the algorithm for laser-based
softening of steel and laser hardening [2, 43, 44].

Given a target intensity distribution from solving the
IHCP, the IWPA, or a different phase retrieval algorithm,
can then be used to calculate a phase mask that creates
the desired intensity distribution. However, even in simula-
tions, there always remains a finite difference between the
target intensity distribution and the intensity distribution
resulting from the calculated phase mask (cf. Fig. 4, right).
This difference depends on the complexity of the target
intensity distribution and is partly caused by the finite
number of pixels of the used SLM. While this difference
may be the global minimum that is achievable with the
given number of SLM pixels, it does not necessarily
result in the smallest achievable deviation from the target

Figure 2. Schematic illustration of an ideal optical system for laser beam shaping with subsequent amplification.

Figure 3. Selected target intensity distribution for laser beam
shaping with subsequent amplification.
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temperature distribution. As the temperature distribution
non-linearly depends on the intensity distribution, a larger
deviation from the target intensity distribution can result
in a smaller deviation from the target temperature
distribution.

To directly optimize for a minimal deviation regarding
the target temperature distribution we coupled the IWPA
with our IHCP solver (cf. Fig. 6). In each iteration step,
the DHCP is solved to calculate the resulting temperature
field based on the current intensity distribution in the
target plane. Based on the difference to the target temper-
ature field a new adapted temperature field is calculated.
The IHCP solver then calculates a new target intensity dis-
tribution for the adapted temperature field which is fed
back to the normal IWPA iteration. The calculation of
the adapted temperature field is required as the algorithm
would otherwise always use the “normal” IHCP result for
the target temperature field leading to the aforementioned
minimal deviation from the resulting intensity distribution.
The adapted temperature field, when chosen correctly,

allows to push the algorithm out of minima regarding
deviations from the target intensity and towards or into
minima regarding the deviation from the target tempera-
ture. One approach to calculate the adapted temperature
field is to overcompensate the remaining differences
between the current and the target temperature field. This
approach is already being used successfully to adjust target
intensity distributions to improve the convergence for the
IFTA and IWPA [6, 21].

We are currently in the process of verifying the results of
this algorithm and plan to publish the results together with
a more detailed description of the algorithm in an upcoming
publication.

5 Diffractive neural networks

Diffractive neural networks (DNNs) are a physical equiva-
lent to artificial neural networks in the field of machine
learning. Each optical element represents a layer in the

Figure 4. Simulation results for beam shaping with subsequent amplification using phase masks calculated via the iterative Fourier
transform algorithm (IFTA) and the iterative wave-optical propagation algorithm (IWPA). RMSD denotes the normalized root mean
square deviation from the target intensity distribution.

Figure 5. Corresponding phase masks for the intensity distributions shown in Figure 4. (a) Phase mask calculated via IFTA without
consideration of the non-linear amplification; (b) Phase mask calculated via IWPA with consideration and compensation for the non-
linear amplification.
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neural network and the layers are (fully) connected via the
wave-optical propagation of light in the optical system
(cf. Fig. 7). Initially developed for optical computing, DNNs
allow to solve classical machine vision tasks at the speed of
light [45, 46]. In the field of beam shaping, DNNs have
been used for the shaping of tophat distributions with
terahertz radiation and for multi-directional beam steering
[47, 48].

We developed a framework to extend the area of appli-
cation of DNNs to laser beam shaping with DOEs and/or
LCoS-SLMs for laser material processing. By implementing
the training structure for the DNNs in PyTorch Lightning,
we are able to utilize the rapid advances in machine learn-
ing technology of the last decades for high fidelity laser

beam shaping [22, 49]. Like the IWPA, DNNs can be used
for practically arbitrary optical systems (cf. Sect. 2). DNNs
also enable to simultaneously optimize two or more phase
masks in an optical system and therefore provide full
amplitude and phase control of the complex electric field.
This allows for the direct optimization of 3D light fields
with e.g. different complex intensity distributions in differ-
ent target planes and intensity distributions with increased
depth of field [49, 50]. Akin to neural networks for classifi-
cation tasks, DNNs can also be trained to generate a con-
stant output for similar but varying input values. This
allows to create optical systems that are robust to changes
of the input beam or misalignments of elements in the opti-
cal system [49, 51]. Finally, DNNs allow to consider and
compensate for technology dependent influences like pixel
crosstalk in LCoS-SLMs (cf. Fig. 8) [22].

Further details on the implementation and application
of DNNs are outside of the scope of this overview and we
refer the reader to [22, 49–51].

6 Conclusion

Laser beam shaping allows to tailor the spatial energy
distribution of a laser beam to the specific application.
The use of beam shaping elements based on the phase
manipulation of an incoming laser beam requires so-called
phase retrieval algorithms to determine suitable phase
manipulations (phase masks) for a given beam shaping
task. Well established phase retrieval algorithms like the
iterative Fourier transform algorithm (IFTA), however,
impose heavy limitations on the beam shaping system.
IFTA-based approaches set the target plane for laser beam
shaping to the focal plane behind a focusing lens or a plane

Figure 6. Flow chart of the iterative wave-optical propagation algorithm (IWPA) coupled with a solver for the direct heat
conduction problem (DHCP) and the inverse heat conduction problem (IHCP) to minimize the deviation from a given target
temperature field. The algorithm stops after a set number of iterations or when the difference between the resulting temperature field
and the target temperature field is below a predefined value (cf. Fig. 1).

Figure 7. Schematic representation of light propagation
through a diffractive neural network with three pixelated phase
masks as network layers.
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conjugate to that focal plane. While this simplifies the
implementation and calculation of the wave-optical propa-
gation between phase mask and target plane, it often leads
to suboptimal choices of optical systems for a given beam
shaping task.

The iterative wave-optical propagation algorithm
(IWPA) is an adaptation of the IFTA that keeps the itera-
tive structure of the IFTA but simulates the (inverse) wave-
optical propagation of light through an arbitrary optical
system. One advantage of the IWPA is the possibility to
freely position the target plane for laser beam shaping, thus
eliminating the restriction to the focal plane of a focusing
lens imposed by the IFTA. We also demonstrate the use
of the IWPA for laser beam shaping with subsequent
amplification based on the ability of the IWPA to consider
non-linear effects in the optical system. Additionally, we
present an approach to calculate phase masks that mini-
mize the deviation from a target temperature distribution
in a work piece by coupling the IWPA with a solver for
the inverse heat conduction problem.

Diffractive neural networks are a physical representa-
tion of artificial neural networks and enable the use of
established machine-learning approaches for high fidelity
laser beam shaping. DNNs enable to design an optical
system with two or more phase masks for full amplitude
and phase control of the laser beam. This allows for the
direct optimization of 3D light fields and for phase mask
design that is robust against changes of the input beam
or misalignments in the optical system. DNNs also enable
phase mask design that compensates for properties of the
chosen beam shaping element like pixel crosstalk in liquid
crystal on silicon spatial light modulators.

When selecting a suitable optical system and a phase
retrieval algorithm for a specific beam shaping task, all
alternatives should therefore be considered and weighed
against each other. IFTA-based approaches offer relatively
easy integration combined with strict limitations regarding
the optical system and often limited achievable quality of
the beam shaping results. Approaches like the here pre-
sented IWPA and DNN require additional effort in their

implementation compared to an IFTA, but offer a higher
flexibility in terms of suitable optical systems and often
enable a higher fidelity in the achievable beam shaping
results.
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considered with a DNN and compensated for in the calculation of the phase mask.
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