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The feasibility of using beam shaped short femtosecond pulses in combination with a nonlinear
frequency conversion process to create any arbitrary beam shape in the ultraviolet spectrum is shown.
Broadband femtosecond pulses (800 nm centre, 30 nm Bandwidth FWHM, 50 fs) are shaped via a
spatial light modulator (SLM) and converted to 400 nm in a subsequent second harmonic process to
400 nm in a collinear setup while conserving the beam shape information by using orthogonal polar-
isation states to avoid beam shape degradation. Additionally, it is shown, that the holograms exhibit
blurred edges due to chromatic dispersion stemming from the bandwidth of the utilized fs pulses and
the conversion efficiency is linked to the angular spectrum created at the SLM.
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1. Introduction

The benefits of beam shaping have found entry into var-
ious domains of laser materials processing: Spatial beam
shaping for e.g., hole drilling with ultrashort laser pulses to
increase ablation efficiency, temporal beam shaping to tailor
the temporal irradiation of a sample with ultrashort pulses or
other modalities of beam shaping, such as polarization shap-
ing, angular orbital momentum shaping and so on [1]. One
technique for beam shaping uses the wave properties of light
e.g., in diffractive optics. These excel in their high degree of
freedom in the resulting beam shape. Especially dynamic
beam shaping is of interest for laser machining applications,
such as surface structuring, since it allows adjustment of the
beam shape in real time and thus the ablation profile during
the machining process [2]. Liquid Crystal on Silicon - Spa-
tial Light Modulators (LCoS-SLMs) do offer both these ad-
vantages. Because of this, SLMs have become a centrepoint
of attention in research for laser materials processing and
sensing applications [3].

LCoS-SLMs, as their name implies, are based on liquid
crystal pixels, where the refractive index can be modulated
individually. This in turn is used to locally delay an incom-
ing wave front and as a result alter the beam shape [4].

In addition to beam shaping, requirements for higher
processing and imaging resolutions have pushed for more
research in the ultraviolet (UV) spectrum. UV wavelengths
allow for smaller focal spots and improved resolutions in mi-
croscopy. In laser material processing, another advantage is

the improved productivity for certain materials e.g. poly-
mers [5]. The photon energy of UV radiation is able to break
the chemical bonds directly and is able to ablate the material
without introducing excess heat into the process. Especially
beam shaped UV-laser beams are of interest for applications
like structured illumination microscopy and selective abla-
tion of heat sensitive coatings like amorphous carbon coat-
ings on steel, since these applications require a specific beam
shape to enable the method or achieve optimal efficiency re-
spectively [6, 7].

Recent advances in nonlinear metamaterials enable dy-
namic beam shaping at various wavelengths, including UV,
[8, 9] or at very high frame rates [10]. While they offer much
higher nonlinear susceptibilities compared to bulk crystals
[11], due to their physical length, the overall efficiency is
still lower than the latter, necessary for industrial laser ma-
chining applications.

Laser written nonlinear crystals (e.g. lithium niobate) crys-
tals offer higher conversion efficiencies and even dynamic
beam shaping through input wavelength or polarisation
modulation, although they are still limited in the dynami-
cally achievable beam shapes [12, 13].

LCoS-SLMs are available for most wavelengths in the
visible and infrared (IR) range but not for ultraviolet wave-
lengths (typically stopping at around 400 nm), since the lig-
uid crystals start absorbing in the UV wavelength. To over-
come this limitation, one can employ a nonlinear process to
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frequency convert a shaped fundamental beam from the vis-
ible or IR range into the UV spectrum while maintaining the
beam shaping information.

As shown by Won et. al., femtosecond (fs) pulses at 800
nm fundamental, that were beam shaped by an SLM, can be
frequency converted into 400 nm and 266 nm through sec-
ond and third harmonic generation (SHG and THG) respec-
tively, while retaining the beam shaping information. The
authors utilized a non-collinear type-1 phase matching setup.
This is necessary, because nonlinear beam shaping requires
a non-degenerate frequency conversion process, to not de-
grade the holograms through interangular mixing. The non-
collinear setup limits the achievable conversion efficiency —
in this case 1.0 X 1072 % for SHG using a quartz crystal
as the nonlinear medium [14]. An alternative non-degenerate
SHG-process is a collinear Type-2 setup, which offers higher
conversion efficiencies and a simpler optical setup, as shown
by Ackerman et al. The authors created SHG Holograms at
532 nm, also using an SLM to beam shape picosecond pulses
at 1064 nm fundamental in a collinear Type-2 phase match-
ing setup — the conversion efficiencies were up to 33% using
a 9 mm long KTP crystal [15].

This paper aims to show the viability of the collinear
Type-2 setup also for shorter pulses by transferring it to use
with fs pulses for the advantages listed above. Since fs
pulses typically offer higher intensities than ps pulses, a few
considerations need to be taken into account: Firstly, shorter
crystals should be used, because they offer higher angular
acceptance for larger holograms, while maintaining higher
conversion efficiency due to a smaller accumulated phase
matching mismatch. Secondly, non-linear effects that occur
in the intermediate focus of the setup, like Super Continuum
Generation, can be detrimental for the SHG process. Addi-
tionally, effects that are expected to occur with the utilization
of pulses with a large spectral bandwidth (in this case 30 nm

bandwidth FWHM), like chromatic dispersion, will be high-
lighted.

2. Theoretical background

Nonlinear frequency conversion processes revolve
around one condition: Phase matching. This means that the
sum of wavevectors of the fundamental waves and wave
vector of the harmonic wave match. The difference of those
wave vectors is called the phase mismatch Ak (Eq.1) [16]
and needs to be minimized to achieve a high conversion ef-
ficiency.

Ak = kl +k2 _k3. (1)

This is usually achieved by using birefringent nonlinear
crystals and tuning the incidence angle of the beam into the
crystal such that the refractive indices for the fundamental
and harmonic frequencies are equal. For plane waves, there
is only one propagation direction that needs to be taken into
account.

Since an LCoS-SLM acts on the phase of an incoming
light field, it alters the wave front and with that, introduces
new propagation directions — an angular spectrum A (Eq. 2).
This can be analysed by Fourier Transformation of the
shaped complex light field U. Additionally, since the “nor-
mal” Fourier Transform only provides spatial frequencies,
the projection of plane waves with a certain wavelength A at
different propagation angles is equated to the spatial fre-
quencies in the observation plane [17, 18].
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Fig. 1: Experimental setup for non-linear holography
(HWP: Half Wave Plate; M: Mirror; SLM: Spatial Light Modulator; BP: Bandpass filter).
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These additional propagation directions in a shaped
beam have an impact on the phase matching since the larger
the deviation from the ideal propagation direction becomes
the higher the phase mismatch and thus the lower the ex-
pected conversion efficiency. This can be compensated for
by using thin non-linear crystals, because the overall accu-
mulated is depended on the length L of the crystal and fol-
lows a sinc function (Eq. 3). Thus, they can more uniformly
frequency convert a large angular spectrum [16].
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3. Methods and experimental setup

The experimental setup (Fig. 1) can be subdivided into
two parts: Beam shaping via SLM and Second Harmonic
Generation via a non-linear crystal. the beam from a Femto-
second Laser (Coherent Astrella USP-1k, 800 nm, 1 kHz) is
attenuated by using the primary reflection of a wedged plate
and cropped to 15 mm by an aperture to ensure full illumi-
nation of the SLM while avoiding uncontrolled cropping on
other components due to clear aperture limitations. Its polar-
ization direction is rotated by 45° by a half-wave-plate. This
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diagonal polarization state can also be seen as an even su-
perposition of horizontal and vertical polarizations. Since
the SLM (Hamamatsu X15213-02R; resolution 1272x1024
px; 12.5 um pixel pitch) is only capable of shaping the hor-
izontal component of the incident beam, it is subdivided into
a shaped component and an unshaped component. Both are
imaged onto a non-linear crystal (B-BBO; 0.1mm thick;
Eksma Optics) through a 4f-imaging-setup with a demagni-
fication of m = 0.5 (f1 = 300 mm; f2 = 150 mm). The crystal
is cut for Type 2 phase matching. This means that the three-
wave-mixing (TWM) process can occur only between two
orthogonally polarized photons, which in this setup means
that TWM only occurs between a “shaped” and an “un-
shaped” photon. In this way the shaped horizontally polar-
ized partial beam effectively becomes a signal, since it con-
tains the shaped wavefront information and the unshaped
collimated beam becomes a pump to supply the energy to
frequency convert the shaped signal into a shorter wave-
length. Additionally, this avoids the mixing of shaped pho-
tons with one another, which would significantly degrade the
desired intensity distribution of the beam.

[mm]
[mm]

5

2 .
! .

2 4
]

) d)

[mm

h)
4
2
2
4
[nﬂm - % [m[En] A

Conversion Efficiencies

a) LPT logo 0.51%
b) FAU logo 0.71%
c) Rabbit 0.64%
d) Cat 0.64%

Fig. 2: Holograms shaped in the fundamental at 800nm (a-d), and in the second harmonic at 400 nm (e-h). In the highlighted section the
radial blur can be seen.
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Afterwards, the fundamental wavelength is blocked via
a bandpass filter (Thorlabs FBH400-40) and the UV-
hologram is imaged onto a CMOS-Sensor (Canon EOS
550D, 22.3 x 14.9 mm? sensor size) via a lens (Thorlabs
LA4102-UV, f = 200 mm). Additionally, power measure-
ments were taken before the non-linear crystal and after the
bandpass filter to measure the conversion efficiency.

Table 1: Used laser parameters.

Pulse duration (FWHM) 50 fs
Pulse energy 787 nl
Beam diameter after aperture 15 mm

Phase mask calculation was performed using an iterative
algorithm on the basis of Gerchberg-Saxton [19]. Power
measurements were taken with the power meters Coherent
PM10 and Coherent PS19Q. Spectral measurements were
taken with an OceanOptics HR6 spectrometer.

4. Results and Discussion

As can be seen in Fig. 2e-h, the desired beam shape has
been carried over into the second harmonic beam with high
uniformity. The corner regions of larger holograms as in Fig.
2e experience lower conversion efficiency, since the size of
a hologram is directly linked with a larger angular spectrum
and thus an increase in phase mismatch — though, the angular
spectrum can be scaled with lenses of different focal lengths
in the setup. However, the edges of the holograms are
blurred from the centre outward, due to chromatic dispersion
stemming from the spectral bandwidth of the pulse and a
grating effect on the SLM [20]. This can be seen in the fun-
damental holograms, as well as in the second harmonic. This
limits the effective size of the holograms, since edges far
away from the centre cannot be resolved sharply.
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Fig. 3: Spectral measurement of the supercontinuum, created in

the intermediate focus of the 4f-optic at different beam shapes:

black: Reference spectrum without supercontinuum generation;

blue: focused plane wave without beam shaping; green Shaped

beam with Fig. 2a intensity distribution; red: Shaped beam with
Fig. 2b intensity distribution.

The conversion efficiency for the holograms is between
0.51% and 0.71%. The reference for an unshaped beam in
this setup is 1.1%. Although the latter measurement is taken

with a Galilean telescope of the same demagnification, be-
cause air ionization in the intermediate focus creates a su-
percontinuum (SC). This prevents a controlled SHG-process,
since it shifts energy away from the fundamental frequency
into shorter wavelengths (Fig. 3) [20]. This is also the case
during beam shaping, because a bit more than half of the
pulse energy goes through the intermediate focal spot of the
Keplerian telescope (50% of the beam remains unshaped and
the undiffracted portion of the shaped beam remain colli-
mated after the SLM). This can be also seen in Fig. 3: Addi-
tional frequencies around 760 nm are generated. So also in
this case, energy from the fundamental is taken away and
thus the intensity at the non-linear crystal is reduced.

5. Conclusion and Outlook

As has been shown, beam shaping via spatial light mod-
ulators in conjunction with a frequency conversion process
allows for the dynamic modulation of femtosecond pulses in
the ultraviolet spectrum. Using Type-2 phase matching and
being able to distinguish between shaped and unshaped
beams by their polarisations allows for the creation of high-
quality holograms while still retaining a simple collinear op-
tical setup. This opens up the possibility for dynamic, high
efficiency beam shaping beyond the technical limitations of
liquid crystal based optical devices. However, this technique
has limitations stemming from the ultrashort pulses used.
The spectral bandwidth limits the physical size of the holo-
gram due to chromatic dispersion and the unwanted non-lin-
ear effects in the intermediate focus of the imaging optic
lower the conversion efficiency of the process. Additional
measures need to be taken to mitigate these effects, like us-
ing an evacuated 4f-telescope to eliminate air ionization and
splitting the pulse into its frequency components before
beam shaping and recombining them only in the focal plane.
Nevertheless, this process can also be used to create even
shorter wavelengths to be able to freely control the beam
shapes at those wavelengths.

A further consideration for future research would be the
transfer of this method to collinear type-1 phase matching.
Though, one would need a way to avoid interangular mixing,
since the shaped and unshaped beams would be effectively
degenerate, which would deteriorate the desired beam shape.
The use of sparse orthogonal encoding, as shown in [21],
could be used to control the phase matching conditions in-
side of the crystal and thus the resulting beam shape.
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