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Abstract
Infrared femtosecond optical vortices open up many new research fields, such as optical micro–nano manipulation,
time-resolved nonlocal spectroscopy in solids, vortex secondary radiation and particle generations. In this article,
we demonstrate a femtosecond optical vortex laser system based on a two-stage optical parametric amplifier. In our
experiment, 1.45 µm vortex signal pulses with energy of 190 µJ and 1.8 µm vortex idler pulses with energy of
158 µJ have been obtained, and the pulse durations are 51 and 48 fs, respectively. Both the energy fluctuations of
the signal and idler pulses are less than 0.5% (root mean square), and the spectral fluctuations are less than 1.5% within
1 hour. This type of highly stable femtosecond optical vortex laser has a wide range of applications for vortex strong-field
physics.
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1. Introduction

An optical vortex refers to a beam whose wavefront appears
as a helical shape[1–3]. Due to the helical variation of the
phase during propagation, there is an indeterminate phase
singularity at the center of the beam and the field amplitude
vanishes at the phase singularity, resulting in a ‘dough-
nut’ shape in the spatial intensity profile of the optical
vortex beam. The phase of the optical vortex wavefront
varies helically around a central point, from 0 to 2π l,
where l is the topological charge number of the optical
vortex. Unlike the spin angular momentum (SAM) of cir-
cularly polarized beam, the optical vortex beam of order
±l carries orbital angular momentum (OAM) of ±l-h per
photon. Furthermore, the amount of OAM can be many
times larger than that of the SAM by tuning the topological
charge. The OAM and the intensity distribution of the
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doughnut make the optical vortices important for quantum
information[4–6], optical manipulation[7,8], super-resolution
microscopy[9–11] and materials processing[12]. However, in
addition to the above traditional optical vortex applications,
implanting OAM into an intense ultrashort light beam opens
a broad range of new possibilities. Infrared femtosecond
optical vortex lasers combine the advantages of traditional
femtosecond lasers with vortex beams and have important
applications in optical micro–nano manipulation[13], time-
resolved nonlocal spectroscopy in solids[14] and proton accel-
eration[15]. Due to the transverse field structure of the opti-
cal vortex, transverse phase-matching is especially relevant
in the generation of extreme ultraviolet vortex beams by
high-order harmonics (HHGs)[16–18]. In particular, for the
spectral region around 1.5 µm, femtosecond optical vortex
lasers also have important applications in space division
multiplexing[19,20] due to their proximity to the communica-
tion band. For terahertz experiments, optical vortex lasers
at wavelengths of 1.5 µm can be used as the pump to
generate terahertz vortex beams. For a pump wavelength
between 1.4 and 1.6 µm, many THz generation crystals,
such as DAST and DSTMS, are clearly very well phase
matched with a generated frequency at 1 THz and above
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Figure 1. Schematic of the infrared vortex laser system. BS, beam splitter; L, lens; YAG, yttrium aluminum garnet crystal; DM, dichroic mirror; SPP, spiral
phase plate; BBO, BaB2O4.

1.5 THz[21,22]. Therefore, infrared femtosecond optical vortex
lasers have an important role in extending the wavelength
coverage of optical vortices and vortex-based strong-field
physics.

Common optical vortices are generated by conventional
mode converters, including spatial light modulators[23], spi-
ral phase plates (SPPs)[24], cylindrical lens[25] and so on.
However, all these converters suffer from common draw-
backs, such as low power handling capabilities and lim-
ited wavelength coverage. Therefore, it is imperative to
explore alternative techniques to generate high-power opti-
cal vortices over a wide wavelength range. Nonlinear fre-
quency conversion has proven to be the most direct route
to access various spectral domains across the electromag-
netic spectrum. Recently, scientists have used nonlinear fre-
quency conversion to achieve the output of different infrared
optical vortices, including optical parametric generations
(OPGs)[26], optical parametric oscillations (OPOs)[27–30] and
optical parametric chirp pulse amplification (OPCPA)[31].
However, the generation of broadband ultrashort infrared
optical vortices is still at the exploratory stage[32]. Also,
based on nonlinear frequency conversion, optical parametric
amplification (OPA) seeded with a white-light continuum
(WLC) has the advantages of a high single-pass gain, broad
tuning band, straightforward passive carrier-envelope-phase
(CEP) control and being easier to operate[33,34]. Thus, OPA
is an effective way to generate femtosecond infrared optical
vortices.

In this paper, we report a two-color femtosecond infrared
optical vortex laser system. Using a two-stage optical para-
metric amplifier, the 1.45 µm vortex signal beams converted
by an SPP are amplified, and a 1.8 µm vortex idler laser is
generated concomitantly. With this system, 1.45 µm vortex
signal pulses with energy of 190 µJ and 1.8 µm vortex
idler pulses with energy of 158 µJ have been obtained,
and the pulse durations are 51 and 48 fs, respectively. This
type of two-color femtosecond infrared optical vortex laser

not only provides a stable, high-quality seed source for the
building of OPCPA vortex laser systems, but also has a wide
range of promising applications for vortex-based strong-field
physics.

2. Experimental setup

The schematic of the infrared optical vortex laser system
is presented in Figure 1. The system consists of a 1 kHz
Ti:sapphire chirped pulse amplification (CPA) system
(Astrella, Coherent, Inc.), a WLC generator, a 1.45 µm
SPP for vortex conversion and a two-stage OPA system.
The 1.5 mJ/800 nm pulses are used as the pump for OPA.
In the laser system, the beam from the Ti:sapphire CPA is
divided into three parts by two beam splitters (R/T = 90:10).
A microjoule-level pulse energy passing through BS2 is
focused on a 3 mm thick yttrium aluminum garnet (YAG)
through the lens L, resulting in a broadband supercontinuum
spectrum (over 2.1 µm) due to the self-phase modulation
effect. One portion of the continuum light at approximately
1450 nm is used as the seed of the OPA. Owing to the high
nonlinearity and broad phase-matching bandwidth, BaB2O4

(BBO) crystals (cut at θ = 27.4o for type-II phase-matching)
are selected to amplify the signal. The BBO crystals used in
the two OPA stages have sizes of 3 mm × 3 mm × 2 mm
and 8 mm × 8 mm × 2 mm, respectively. Both the WLC
and pump pulses are focused into the first BBO crystal to
achieve efficient amplification based on accurate temporal
and spatial overlap. The amplified 1.45 µm pulse of the first
OPA stage is delivered onto an SPP, and it is converted into
an optical vortex with a topological charge l of 1.

The SPP is made of a 3 mm quartz glass plate with the step
height of 3250 nm. The refractive index of quartz at 1.45 µm
is 1.445, and thus the 3250 nm step height corresponds to
the 2π phase variation. The surface of the SPP is continuous
and therefore the phase change of the resulting vortex light
is also continuous.
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Figure 2. (a) Simulated phase-matching spectrum of the OPA process. (b) Spectra of the signal and the idler. (c) Calculated FTL pulse shapes of the signal
and the idler.

Pump pulses of about 1.35 mJ reflected from BS1 are
sent to the second collinear OPA stage. The vortex signal
generated by the SPP is used as the seed of the second
OPA stage. After amplification, the residual pump beam is
reflected with DM3. DM4 is then used to separate the signal
and idler beams. Finally, we achieve the output of the two-
color optical vortex laser, 1.45 µm vortex signal pulses with
energy of 190 µJ and 1.8 µm vortex idler pulses with energy
of 158 µJ have been obtained and the pulse durations are 51
and 48 fs, respectively.

3. Results and discussion

Due to the wide gain bandwidth (full width at half maximum,
FWHM) in the infrared wavelength band, high damage
threshold and high nonlinear coefficient, BBO crystals are
used in our two-stage OPA system. We simulate the phase-
matching condition in the BBO crystal, and the results
are shown in Figure 2(a). The type-II BBO crystal in the
simulations has a length of 2 mm, and the pump and signal
light are at approximately 800 nm and approximately 1450
nm, respectively. In Figure 2(a), the gain bandwidth of the
idler light at 1800 nm is over 100 nm with θ = 27.4o.
Therefore, we can use BBO crystals to obtain broadband
femtosecond pulse output.

In Figure 2(b), we show the signal and idler spectra
obtained from the first-stage and second-stage OPAs, where
the spectra of the signal and the idler have FWHMs of 70
and 100 nm, respectively. Then we calculated the Fourier-
transform-limit (FTL) durations of the output spectra. The
calculated shapes of the FTL pulses are shown in Figure 2(c),
and the durations of the signal and the idler are 33 and 34.8 fs
(FWHM), respectively. As shown in Figure 2(b), it can be
seen that there are some deviations between the spectra of
the first-stage OPA signal and those of the second-stage
OPA signal. We adjust and optimize the phase-matching
angle of the crystal according to the maximal conversion
efficiency and output energy. When the conversion efficiency
is highest or the output energy is maximum, the central
wavelength of the output pulse will have some differences

with the theoretically calculated central wavelength of
phase-matching.

To verify the spatial and vortex features of the vortex
beams, the spatial profiles of the signal and the idler ampli-
fied by OPAs have been measured by using a pyroelectric
array charge-coupled device (CCD) camera (Spiricon Pyro-
cam IV) with the pixel size of 80 µm × 80 µm. As the
results in Figures 3(a) and 3(c) show, the spot intensity
distributions of the signal and the idler still maintain good
doughnut shapes. However, the spot intensity distribution of
the input pulses is uneven, which further aggravates the spot
unevenness of the output pulses after being amplified by the
second OPA stage. Since the wavefront change of the beam
is not affected by parametric amplification, we speculate that
the spot intensity inhomogeneities of the signal and the idler
may be influenced by the unevenness of the crystal and lens
surface and the step diffraction of the SPP.

As shown in Figure 3, the topological charge of the vortex
signal is +1, due to the conservation of the OAM of the
parametric process:

lp = ls + li. (1)

The topological charge of the idler shall be –1 under the
TEM00 pump. To investigate the wavefront characteristics of
the vortex signal and the vortex idler, we have used a 50:50
beam splitter to split a portion of the pulses generated by the
OPA. As shown in Figures 3(b) and 3(d), the two separated
vortex beams perform dislocation interferences in the far
field. The central bright bars have pairs of y-shaped stripes at
the phase singularity (circled by white dashed circles), which
also indicates that the pulse is a first-order optical vortex.
Moreover, the vortex characteristics of the pulses are well
preserved during the amplification process.

The temporal characterizations of the amplified signal and
the generated idler pulses are measured by a home-built
second-harmonic-generation frequency-resolved optical-
gating (SHG-FROG) device[35]. The temporal and spectral
pulse amplitude and phase of the vortex signal are shown
in Figures 4(a) and 4(b). The measured pulse duration is
51 fs. The error of FROG reconstructed is about 0.3%
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Figure 3. (a) Spatial profile of the amplified 1.45 µm vortex output. (b) Self-interference fringes of the amplified 1.45 µm vortex. (c) Spatial profile of the
amplified 1.8 µm vortex output. (d) Self-interference fringes of the amplified 1.8 µm vortex.

Figure 4. Temporal and spectral characterizations of the output pulses. (a) The pulse temporal profile of the duration (blue curve) and phase (orange
curve) of the signal light at 1450 nm. (b) Reconstructed spectrum of the SHG-FROG (blue curve) and phase (orange curve) of the signal light at 1450 nm.
(c) Measured and reconstructed SHG-FROG traces of the signal light at 1450 nm. (d) The pulse temporal profile of the duration (blue curve) and phase (orange
curve) of the idler light at 1800 nm. (e) Reconstructed spectrum of the SHG-FROG (blue curve) and phase (orange curve) of the idler light at 1800 nm.
(f) Measured and reconstructed SHG-FROG traces of the idler light at 1800 nm.

over a 512 × 512 calculation grid. Figure 4(c) shows
the measured and reconstructed traces. The temporal and
spectral amplitude and phase of the vortex idler are shown in
Figures 4(d) and 4(e). The measured pulse duration is 48 fs.
The error of FROG reconstructed is also about 0.3% over a
512 × 512 calculation grid. Figure 4(f) shows the measured
and reconstructed traces. The measured pulse durations are
all larger than the FTL durations of the output spectra. This
is mainly due to the overall group-velocity-dispersion (GVD)
mismatch of the system. Additional anomalous dispersions
are introduced by BBO crystals and dichroic mirrors (DMs)
during parametric amplification.

In the experiment, we use a stable laser source as the
driving laser. During supercontinuum generation, a variable
density filter and an iris diaphragm control the energy to
produce a stable supercontinuum to give the OPA system a
stable seed light. By using a stable seed light and optimizing
the spatial and temporal coupling during amplification, we
can improve the stability of the entire system as much as
possible. To verify the stability of the vortex OPA device,

we measured the energy and spectral stability of the output
vortex signal pulses and the vortex idler pulses separately.
In Figures 5(a)–5(c), the jitter of the output spectra is very
weak. The root mean square (RMS) of the signal laser is less
than 1.5% (within 1/e2 of spectral intensity), and the RMS
of the idler laser is also less than 1.5%. In Figure 5(d), the
energy fluctuation is 0.367% (RMS) for the signal pulses of
190 µJ, while the output idler energy is 158 µJ with the
energy fluctuation of 0.457% (RMS). Thus, the stability of
the output pulse energy and spectrum guarantees the long-
term operation of the laser.

4. Conclusions

In conclusion, we report a two-color femtosecond infrared
optical vortex laser system based on OPA. Vortex signal
pulses of 1.45 µm with energy of 190 µJ and 1.8 µm vortex
idler pulses with energy of 158 µJ have been obtained,
and the pulse durations are 51 and 48 fs, respectively.
Moreover, we verified the topological charge of the amplified
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Figure 5. (a) Spectral stability of output pulses at 1450 and 1800 nm. (b) Spectral fluctuation of output pulses at 1800 nm. (c) Spectral fluctuation of output
pulses at 1450 nm. (d) Energy stability of signal pulses (red dot) and idler pulses (blue dot).

optical vortex by interference. The current optical vortex
OPA device has a low output energy, as the input pulse
energy is only 1.5 mJ. Subsequent work can further increase
the pump pulse energy, and multi-mJ femtosecond infrared
optical vortex can be obtained. This type of highly stable
femtosecond infrared optical vortex laser source not only
provides a stable, high-quality seed source for the building
of OPCPA vortex laser systems, but also has a wide range
of applications in time-resolved nonlocal spectroscopy in
solids, optical communication and vortex-based strong-field
physics.
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