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Frequency-Doubled High-Power Optical Vortex
Beam With Sub 500 fs Pulse Duration

André Loescher *”, Christoph Rocker

Abstract—We report on the generation of high-power ultrashort-
pulsed optical vortex beams (VBs) with orbital angular momentum
(OAM) of +1 in the infrared (IR) and +2 in the visible (VIS)
spectral regions. The IR vortex beam was created from a Gaussian
beam by employing a nanograting (S-waveplate) mode converter.
With this approach we obtained an average power of up to 802 W
at a wavelength of . = 1030 nm in the IR-VB with a pulse energy of
802 L], a pulse duration of 460 fs, and a mode-conversion efficiency
of 90.1%. By subsequent second harmonic generation, the IR-VB
was frequency-doubled inside a lithium triborate (LiB35O5) crystal.
An average power of up to 320 W at . = 515 nm was generated,
with 320 pJ of pulse energy, 382 fs of pulse duration, and an
IR-VB to SH-VB conversion efficiency of 39.9%. The generated
IR and VIS VBs were characterized by a Mach-Zehnder type
interferometric measurement, confirming the helical wavefronts at
these high average powers. These results show that it is possible to
efficiently generate high-quality VBs at multi hundreds of watts and
confirm the OAM scaling law in harmonic generation processes.

Index Terms—High power ultrafast lasers, optical vortex, second
harmonic generation.

I. INTRODUCTION

ARAXIAL beams which exhibit propagating optical vor-
P tices are commonly referred to as vortex beams (VBs). Such
beams manifest orbital angular momentum (OAM) as proposed
in [1]. The Laguerre-Gaussian (LG) modes are one well-known
class of these vortex beams since they can carry OAM and are
easy to generate in the laboratory [2]. The individual OAM is
directly related to the phase term ¢*% and amounts to I/ per
photon with [ being an integer number, ¢ the azimuthal angle,
and h the Planck constant [1]. Hence, VBs possess a spiral wave
front with an azimuthal phase change of 27l. They exhibit dif-
ferent behavior in reflection, refraction, diffraction, interference,
polarization and quantum properties compared to conventional
light [3]. VBs are therefore of great interest in several fields
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of applications such as free-space optical communication [4],
microscopy [5], quantum information [6], relativistic and plasma
physics [7], [8], and many more. Especially in light-matter inter-
actions such as laser materials processing, it was demonstrated
that the OAM of light can be transferred to the workpiece [9],
[10]. A chiral surface relief with a height of approx. 1 pm was
created in an azo-polymer film [9]. Chiral nanostructures such as
nanoneedles with a height of about 10 pm and a tip curvature of
about 50 nm were produced in tantalum [ 10]. Furthermore, chiral
nanojets on thin metal films [11], surface structuring [12], or
nanochannels in dielectric media [13] were demonstrated using
VBs. To drive these applications and processes at higher speeds,
lasers, which emit light with these special properties at high
average power are required. Since the laser-matter interaction is
largely determined by the wavelength of light, different appli-
cations benefit from different spectral properties of the incident
beam. One potential application is large-area surface structuring
using high-power VBs at wavelengths around 515 nm. Due to
the specific intensity profile of vortex beams (steeper intensity
flanks compared to Gaussian intensity profile) heat accumulation
effects are reduced and the quality of the surface structures can
be increased. Using laser-induced periodic surface structuring
(LIPSS) one can produce structures with a period in the order
of the radiation wavelength. It has been demonstrated e.g., by
Helbig et al. that the cell adhesion of Staphylococcus epider-
midis and Escherichia coli bacteria was suppressed on hole
structures with a period of 500 nm compared to the cell adhesion
of these bacteria on structures with a periodicity of 1000 nm
which is typically achieved with IR beams [14]. VBs at various
wavelengths ranging from the ultraviolet up to the mid-infrared
have already been demonstrated [15], [16]. Their generation can
be achieved directly in a laser cavity or by converters outside
the cavity [3]. Spiral phase plates (SPPs) [17], g-plates [5], and
spatial light modulators (SLMs) [18] are commonly used as
mode-converters from Gaussian beams to VBs. These converters
support the conversion of both continuous-wave and pulsed ra-
diation. However, other approaches to create VBs were recently
demonstrated. Modulation of transverse modes in a compact two
mode fiber laser was used to generate VBs with variable pulse
duration in the range of 0.84-5.28 ps at a wavelength of 1547 nm
and an average power of around 10 mW [19]. VBs with 740 W of
average power with a pulse duration of 390 fs at a repetition rate
of 55 MHz at a central wavelength of 1032 nm are reported on
in [20]. This system was based on tiled-aperture coherent beam
combination where the VBs were generated by individually
controlling the phase of each laser channel. Another approach is
the interferometric generation of VBs directly inside a resonator
[21]. The generation of up to 31 W of average power at a
repetition rate of 600 kHz and at a wavelength of 1064 nm was
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Fig. 1.

Simplified sketch of the experimental setup. The linearly polarized IR-beam was converted into a linearly polarized IR-vortex beam by using two QWPs

and a polarization converter (S-waveplate). The IR-vortex beam was frequency-doubled using an LBO crystal. Beam splitters were implemented to generate
low-power replicas of the pulses for beam analysis. The insets show schematically the transverse mode profile and the arrows indicate the polarization state.

demonstrated in a Q-switched laser with this scheme [22]. Up to
5.7 W of average power at a repetition rate of 24.4 MHz with a
compressed pulse duration of 76 fs were demonstrated in a fiber
based Mamyshev oscillator [23]. Here, the optical vortex was
generated by implementing a g-plate together with quarter-wave
plates inside the oscillator. Considering high energy lasers, VBs
were generated at the ASTRA laser facility using a spiral phase
plate made of polymethyl methacrylate. The incident laser beam
on the sample was 50 fs short and had a pulse energy of about 600
mJ at a central wavelength of 800 nm [24]. A different approach
was taken in the UHil00 facility, where laser induced fork
plasma gratings were used to diffract the laser pulses possessing
orbital angular momentum after diffraction [25]. The generation
of VB laser pulses at a central wavelength of 800 nm, a pulse
duration of 25 fs and a peak power of 100 TW, corresponding to
a pulse energy of 2.8 J, at a repetition rate of 10 Hz were shown
by this method.

In terms of frequency conversion of VBs, different nonlinear
crystals such as beta barium borate (BBO) [26], lithium triborate
(LBO) [27], bismuth triborate (BIBO) [28], and MgO-doped
periodically poled lithium niobate (MgO:PPLN) [16] were used.
Additionally, high harmonic generation (HHG) was demon-
strated by tightly focusing optical vortices into an argon gas [29],
[30]. Herewith extreme ultraviolet light could be generated with
a wavelength of 32.6 nm and 35 nm, respectively.

To date, there is no demonstration and characterization of
a powerful beam carrying OAM in the visible spectral region
with sub 500 fs pulses and average powers of several hundreds
of watts. In this paper, we report the generation and frequency
conversion of beams carrying OAM with high average powers.
We generated 802 W of average power P,, at a wavelength of
A = 1030 nm and 320 W of average power at A = 515 nm with
pulse durations 7 of less than 500 fs at a repetition rate of f,,
1 MHz.

II. EXPERIMENTAL SETUP & RESULTS

The IR-laser that was used for the generation of the vortex
beam is presented in detail in Ref. [31]. It comprised of a
commercial ultrafast seed laser Spirit-100 from MKS-Spectra
Physics and a subsequent Yb: YAG thin-disk multipass amplifier
(TDMPA). The pulses of the seed laser (M? < 1.2, P,, =
100 W, . = 1030 nm, f,., = 1 MHz, 7 = 260 fs) were
directed into the TDMPA to increase the pulse energy and
the average power to 0.9 mJ and 900 W, respectively. At this
power level a pulse duration of 7 = 472 fs and an M? <
1.2 were measured. The two-staged generation of the VB in
the visible spectral range (VIS-VB) is schematically shown in
Fig. 1. First two low-power replicas of the Gaussian IR beam
were created, whereby one of them is frequency doubled with
an LBO crystal with a length of 1.7 mm. The crystal was cut
for type I (0o-e) phase-matching at 37 °C, which corresponds
to angles of § = 90°, ¢ 13.6°. The two replicas served
the interferometric analysis. After passing the beam splitters the
high-power linearly polarized Gaussian-shaped IR-beam (OAM
0) was used to generate a linearly polarized ring-mode (IR-VB)
with OAM —+1.

This was achieved by an uncoated S-waveplate [32] made
of fused silica which was positioned between two quarter-wave
plates (QWPs).The circularly polarized IR-beam after the first
QWP was converted into a circularly polarized doughnut-shaped
beam using the S-waveplate. The second QWP was used to
convert the circular polarization back to linear polarization.
Without the QWPs, i.e., when directing the linearly polarized
beam directly through the S-waveplate, a vector beam with OAM
0 and radial polarization would be the result [33].

The Infrared Gaussian beam can be frequency-doubled first
and subsequently converted into a vortex beam in order to obtain
a VIS-VB with OAM of [ = 1. However, the variety of generating
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Fig. 2. Power of frequency doubled beam and conversion efficiency as a
function of the phase-matched incident IR-power.

different OAM beams is higher by frequency-doubling infrared
Gaussian and VBs thanks to the interaction phenomena of VBs
in nonlinear crystals [34].

The conversion from a Gaussian beam shape to the ring mode
was accompanied by the formation of low-intensity radiation
emerging with a large divergence, which was spatially filtered
out by a subsequent aperture. After this spatial filter, the IR-

VB had a beam propagation factor of M? = /M2 - M2 =

V2.35-2.92 = 2.63 and a remaining power of 802 W, yielding
a mode conversion efficiency of 90.1%, whereby about 8% of
the losses are related to the Fresnel reflections at the surfaces of
the uncoated S-waveplate.

The IR-VB was then directed through a half-wave plate
(HWP) into an LBO crystal with the same specifications of
the LBO crystal described above. Exploiting the polarization
sensitivity of the nonlinear process, the HWP enabled the ad-
justment of the power for the SH beam by adapting the incident
linear polarization of the IR-VB in the LBO crystal. Setting
the linear polarization vertical to the optical table (along the
crystal’s critical plane) second harmonic generation (SHG) was
suppressed.

The frequency-doubled and fundamental vortex beams were
separated by two dichroic mirrors placed behind the LBO crys-
tal. Using the maximum available IR power of 802 W, 320 W of
power was measured at the second harmonic frequency, which
corresponds to a frequency conversion efficiency of 39.9%.

Fig. 2 shows the measured second harmonic power and fre-
quency conversion efficiency as a function of the incident IR
power with the phase-matched horizontal polarization (perpen-
dicular to the crystal’s critical plane).

The phase-matching was optimized at the maximum power
by tuning the critical axis to maximize the conversion efficiency.
The frequency converted and the fundamental beams were an-
alyzed by means of a commercial beam propagation analyzer
(Ophir Photonics Beam Squared), autocorrelators (PulseCheck
150 (TPA for SHG), APE Berlin), and spectrometers (HR4000,
Ocean Optics). Fig. 3 shows the beam caustics of the IR- and
VIS-beams at maximum power. The insets show the intensity
profiles of the corresponding far and near fields. The beam
propagation factor was M? = /3.07 - 3.74 = 3.39 at a power
of 320 W for the VIS-VB. This is in good agreement with the
conservation of momentum where the frequency doubled beam
(VIS-VB) requires an OAM of +2 [35], which results in energy
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Fig. 5. Schematic of the Mach-Zehnder interferometer. A retro-reflector on
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individual beams which were about 7.5 m. The adjustable optical distance
(retro-reflector stage) was 100 mm. A fast photodiode behind a beam combiner
was used to track the temporal overlap of these low power replicas.

Fig. 6. Experimentally recorded intensity profiles of the low-power replicas.
The insets indicate the individual beams: (a)-(c) IR Gaussian beam, IR vortex
beam, and IR interference pattern, respectively. (d)-(f) VIS Gaussian beam, VIS
Vortex-beam, and VIS interference pattern, respectively.

transfer to a LG02-mode with a theoretical beam propagation
factor of M>=3 [36]. A slight splitting of the singularities of
VIS-VB was observed, mainly visible in the far field before the
beam waist. This splitting was independent of the generated VIS
power and can be attributed to spatial walk-off inside the LBO
crystal. This effect was mentioned in the work of Chaitanya
[28] and was confirmed by our simulations. The symmetry of
the intensity profile is therefore further degraded as compared
to the doughnut-shaped intensity profile of the infrared vortex
beam. As will be shown later in Fig. 6, the frequency-doubled
beam is however a higher-order vortex beam with an azimuthal
phase change of 4.

It is worth noting that a walk-off compensation could be
implemented in order to prevent the splitting of the singularities.
This can be achieved by using an identical second nonlinear
crystal which is oriented in such a way that the spatial walk-off
direction is reversed, thus resulting in a total walk-off with zero
magnitude. Such a compensation scheme was implemented and
demonstrated for harmonic generation using BBO [37], [38].
Fig. 4 shows the measured autocorrelations and spectra of the
IR-VB and the VIS-VB. The measured pulse durations were
444 fs for the IR-VB and 382 fs for the VIS-VB assuming
a sech? temporal shape. The decrease of the pulse duration
of the frequency-doubled pulse is a well- known phenomenon
related to the intensity-dependence of the nonlinear process. In
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order to obtain transform-limited pulses at a wavelength of 515
nm (time-bandwidth limit of approx. 56 fs), we estimated that
a group delay dispersion of —7600 fs” is needed. It is worth
mentioning that it is not expected that subsequent pulse com-
pression affects the vortex nature of the beam as it was shown
for pulses with similar duration in [39]. This can be subject
of further investigations. The OAM of the VBs was verified
by a home-built Mach-Zehnder interferometer, as schematically
shown in Fig. 5. For the analysis of the VBs OAM, coherent
Gaussian replicas are required for each wavelength, i.e., IR and
VIS. To generate these, the two above mentioned beam splitters
directly behind the TDMPA were used.

While the analysis of the IR-VB was carried out with a
low-power replica of the Gaussian beam exiting the amplifier, the
analysis of the VIS-VB required additional frequency-doubling
of the Gaussian low-power IR replica to obtain a coherent refer-
ence beam at the second harmonic wavelength (A = 515 nm)
with a Gaussian intensity profile. Therefore, a second LBO
crystal with identical specifications, i.e., cut and length, was
used for the conversion of the low-power Gaussian IR beam
(OAM 0), as depicted in Fig. 1. The low-power replicas of
the VBs were then brought to interference with low-power
Gaussian replicas (for each wavelength) at the position of the
CCD chip of the camera to obtain a high contrast at the location
of the phase-singularity. Presence and order of the OAM were
verified by the characteristic fork patterns [3]. To ensure the
crucial temporal overlap between the Gaussian and Vortex-beam
pulses (corresponding to ~100 pwm of propagation distance for
our pulses), the optical path lengths of several meters were
carefully adjusted with a retro-reflecting mirror pair that was
mounted on a linear stage to compensate differences in optical
length of up to ~100 mm. Fig. 6 shows the recorded intensity
patterns of the low-power replicas at maximum power. The first
column (Fig. 6(a) and (d)) shows the intensity distribution for
the Gaussian IR and VIS beams. The second column (Fig. 6(b)
and (e)) presents the intensity profiles of the vortex IR and VIS
beams. The resulting interference patterns are shown in the third
column for the IR (Fig. 6(c)) and VIS beams (Fig. 6(f)). The
fork patterns reveal the vortex orders of / = 1 and / = 2 for the
IR-VB and the VIS-VB, respectively. The high contrast indicates
the mutual coherence and mode purity. The line resolution and
the orientation of the fork are different, since the alignment of
the beam with the infrared pulses was slightly different from
the one of the beam with the visible pulses. Furthermore, the
patterns differ due to the different phase of the infrared VB and
the frequency-doubled VB.

III. CONCLUSION

We presented the generation of double rotated (OAM 2) vortex
pulses with an average power of F,,, = 320 W, a pulse energy
of E = 0.32 mJ (1 MHz), pulse durations of 7 = 430 fs,
and a beam propagation factor of M?> = 3.39 (i.e., close to the
theoretical optimum: M? = 3) in the visible spectral range
(A = 515 nm) in a two-stepped process.

First a combination of two QWPs and a S-waveplate was
used to convert Gaussian NIR (1030 nm) pulses, amplified
by a TDMPA to NIR-vortex pulses with a mode-conversion
efficiency of 90.1%. These mode-converted IR pulses with
P,,= 802 W,E = 0.8mJ (1 MHz), and 7 = 472 fs,
were subsequently frequency-converted using a 1.7 mm long
type I (0o-e) cut LBO-crystal resulting in the described green
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vortex beam with OAM 2. The phase fronts and OAMs of
both the IR and VIS vortices were analyzed with a home-built
Mach-Zehnder interferometer, where the vortices were brought
to interference with coherent Gaussian replicas, proving the
suitability of the presented method. The excellent beam qualities
and the stable operation of the system are encouraging to aim for
further output power and conversion into the ultraviolet spectral
range.
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