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A femtosecond mid-infrared optical vortex laser can be used for high harmonic generation to extend cutoff energy to
the kilo-electron-volt range with orbital angular momentum, as well as other secondary radiations. For these, we
demonstrate a high-energy femtosecond 4 μm optical vortex laser based on optical parametric chirped pulse am-
plification (OPCPA) for the first time. The optical vortex seed is generated from a femtosecond 4 μm laser by a
silicon spiral phase plate with the topological charge l of 1 before the stretcher. Through using a two-stage collinear
OPCPA amplifier, the chirped vortex pulse is amplified to 12.4 mJ with 200 nm full width at half-maximum band-
width. After compression, the vortex laser pulse with 9.53 mJ, 119 fs can be obtained. Furthermore, the vortex
characteristics of the laser beam are investigated and evaluated. This demonstration can scale to generate a
higher-peak-power vortex mid-IR laser and pave a new way for high field physics. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.385190

1. INTRODUCTION

An optical vortex [1–3] refers to a beam whose wavefront ap-
pears as a helical shape. Due to the helical variation of the phase
along propagation, the beam has an undefined phase at the
center, which varies from 0 to 2πl around the center of spot,
where l is the topological charge. The main feature of the op-
tical vortex is that during the forward propagation of the beam,
the optical vortex carries orbital angular momentum (OAM)
of �lℏ per photon. Compared to the conventional Gaussian
beam, since the optical vortex has doughnut intensity distribu-
tion and OAM, it has acquired considerable interest in science
and technology, including quantum information [4–6], optical
trapping and manipulation [7], super-resolution microscopy
[8,9], optical communication [10], and high-order harmonic
generation (HHG) [11–13]. In particular, the mid-infrared
(mid-IR) optical vortex has important applications in the re-
search of HHG. Compared with the traditional HHG experi-
ment, high-energy mid-IR optical vortex lasers driving HHG
have unique advantages. Phase-matching plays a relevant role
for the efficient production of XUV/soft X-ray harmonics; due
to the involved transverse field structure of the optical vortex,
transverse phase-matching is especially relevant in HHG driven

by vortex beams [14]. At the same time, using an optical vortex
to drive HHG can produce ultraviolet photons carrying OAM.
And the HHG with OAM can provide one more means of di-
agnosis for applications, besides temporal, spatial, energy, and
momentum resolution. On the other hand, since the cutoff en-
ergy of higher-harmonic radiation is proportional to the square
of the laser wavelength, higher-energy photons can be obtained
by using longer wavelengths. Therefore, using the mid-IR op-
tical vortex to generate high-order harmonics to produce an
optical vortex in shorter wavelength regions may also open
up completely new research directions in the areas of optical
physics and material characterization.

Spurred by these exciting technologies, widespread attention
has been paid to the generation and manipulation of the optical
vortex, such as to use the diffractive optical elements including
q-plates, spiral phase plates (SPPs), and phase modulation
equipment such as spatial light modulators to generate optical
vortices. However, these methods have certain disadvantages,
such as low conversion efficiency, low damage threshold,
and wavelength limitation. Therefore, due to these factors,
generating high-energy femtosecond optical vortices directly
by the diffractive optical elements has many disadvantages.
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Although optical vortices in the visible [15] and near-IR
[16,17] regions have been extensively used in most research
and applications, the high-energy femtosecond optical vortex
in the mid-IR region has not been fully researched to date,
for the difficulties of amplifying the optical vortices in this
wavelength range.

In recent times, with the development of nonlinear frequency
conversion, efforts have been made previously to generate longer-
wavelength optical vortices through optical parametric amplifiers
(OPAs) [18] and optical parametric oscillators [19–21]. However,
producing the high-energy femtosecond optical vortices has also
been a challenge. Optical parametric chirped pulse amplification
(OPCPA) combines OPA and chirped pulse amplification (CPA)
technologies, which has its unique advantages, such as high gain,
high temporal contrast, less thermal effect, and tunable wave-
length, and it has been widely employed in recent high-peak-
power laser systems [22]. Therefore, OPCPA is able to be an
effective technology to generate high-energy femtosecond mid-IR
optical vortices.

In this paper, we demonstrate a high-energy femtosecond
4 μm optical vortex laser system. Using a two-stage OPCPA,
the 4 μm optical vortex laser beams generated by an SPP are
amplified. A 4 μm optical vortex laser with 20 Hz, 9.53 mJ,
119 fs, and a topological charge of 1 is obtained. This high-
energy 4 μm optical vortex laser source provides a new tool in
the area of high field laser physics and can suit as a driver laser
for HHG to extend the cutoff energy to kilo-electron-volt range
with OAM, as well as other secondary radiations. Further, it
is demonstrated that the higher-energy femtosecond optical
vortex laser pulse can be obtained by the OPCPA method.

2. EXPERIMENT SETUP

The schematic of the 4 μm optical vortex laser system is
presented in Fig. 1. The system consists of a 1 kHz Ti:sapphire
CPA (Astrella, Coherent Inc.), a home-built 4 μm OPA device
[23], a 4 μm SPP for vortex generation, a specially designed
Nd:YAG picosecond pump laser (EKSPLA, Lithuania), and a
two-stage OPCPA preceded by a conventional Öffner-type
stretcher and followed by a two-grating compressor.

In the system, the Ti:sapphire femtosecond laser provides
a laser of 3 mJ, 36 fs at 800 nm with a repetition rate of
1 kHz as a driving source. The 800 nm laser pulse passes
through a home-built 4 μm OPA device to generate the seed
pulse with 82 μJ energy.

The 4 μm pulse is delivered onto an SPP, and it is converted
into an optical vortex with 36 μJ energy and a topological
charge l of 1. The SPP is made of silicon with the step height
of 1650 nm, and its thickness is 400 μm. The refractive index
of silicon at 4 μm is 3.4258, and therefore the 1650 nm step
height corresponds to the 2π phase variation. The surface shape
of the SPP is continuous, so the phase variation of the optical
vortex is also continuous.

Then, an Öffner stretcher based on a 300 grooves/mm gold-
coated grating is employed to stretch the vortex pulse duration
to ∼70 ps. The efficiency of the Öffner stretcher is 55.6%,
so the stretched pulse with 20 μJ is used as the signal light
injection of the following OPCPA. The pump laser for the
OPCPA is a commercial 1064 nm Nd:YAG laser with up to
250 mJ energy, a pulse duration of 70 ps, and a repetition rate
of 20 Hz. In order to solve the problem of time synchronization
between the pump and kilohertz femtosecond laser, the seed of
the pump laser is from the oscillator of the kilohertz laser by a
wavelength shifter.

After the stretcher, the chirped vortex is injected into the
OPCPA amplifier. The pump laser is split into two beams of
30 mJ and 180 mJ, which are respectively transmitted onto the
first and second crystals by image relaying. Since there is good
transparency and nonlinear optical properties in the mid-IR re-
gion, two KTiOAsO4 (KTA) crystals are used in the OPAs,
which both have 10 mm length and are cut at θ � 40.8° rel-
ative to the z-axis normal for Type II phase-matching. The
relative delay of the signal and pump pulses can be adjusted
by a delay line. After the first stage, the energy of the 4 μm
signal pulse is amplified to 1.14 mJ and after the second stage,
the 4 μm optical vortex pulse is further amplified to 12.4 mJ.

Then, the pulse with 12.4 mJ energy after the second OPA
stage is sent into a two-grating compressor. The compressor is
designed to match the stretcher, for precise dispersion compen-
sation. After being compressed by the two-grating compressor,
the pulse width of the amplified optical vortex is 119 fs and the
energy can be up to 9.53 mJ.

3. EXPERIMENT RESULTS AND DISCUSSION

After successfully amplifying the vortex beam, we have mea-
sured the energy scaling characteristics of the OPCPA. The
pump energy of the first-stage OPA is 30 mJ, so that the am-
plified signal energy is 1.14 mJ. The gain in the second-stage
high-energy OPA is described as a function of the signal and the
pump energies in Fig. 2. It shows that the second amplified
signal energy has a linear growth relationship with the increas-
ing of pump energy. It also shows that the amplified energy of
the second stage has not reached saturation yet when pumped
by 180 mJ. The pump spot diameter of the second OPA is
6 mm, that is, the energy density is 637 mJ∕cm2, which is close
to the damage threshold of the optical elements in our system.
Therefore, the 4 μm optical vortex is amplified to a maximum
of 12.4 mJ in the second OPA stage. Of course, if using a
larger KTA crystal and higher pump energy, a higher conver-
sion efficiency and output energy can be obtained. One of the
advantages of OPCPA is less thermal effect, and KTA is a
temperature-insensitive nonlinear crystal which has a very
high thermal acceptance. With an efficient heat dissipation

Fig. 1. Schematic of the 4 μm optical vortex OPCPA system.
SPP, spiral phase plate; HWP, half-wave plate; TFP, thin film polar-
izer; DM, dichroic mirror; KTA, KTiOAsO4.
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condition, the OPCPA system can support kilowatt-level work-
ing condition.

The efficiency of the compressor is 76.9%, and the inherent
diffraction efficiency of a single grating is about 94%. After
being compressed by the two-grating compressor, the maxi-
mum output energy of the optical vortex is 9.53 mJ.

To verify the generation of the optical vortex, the intensity
distribution of the signal laser is measured using a pyroelectric
array CCD camera (Spiricon Pyrocam IV) with the pixel size
of 80 μm × 80 μm, and the result is shown in Fig. 3(a). It can
be seen that the beam profile exhibits a doughnut intensity dis-
tribution after passing through the SPP as expected, but the
intensity distribution is a little uneven due to the low transmit-
tance at the step of the SPP. At the same time, due to the in-
herent dispersion characteristic of the silicon SPP and 200 nm
full width at half-maximum (FWHM) of the emission spec-
trum of the OPA, when the femtosecond pulse passes through
the SPP, the phase differences generated by different wave-
length components are different, resulting in the deviation of
the topological charge and affecting the quality of the optical
vortex to a certain extent.

To investigate the wavefront of the optical vortex, we used
a 30:70 beam splitter to split a part of the pulse produced by
the 4 μm OPA. This part of the plane pulse interfered with the
vortex pulse generated by the SPP at the far field, and the in-
terference fringes are shown in Fig. 3(b). As can be seen from
the figure, the central bright stripe shows a pair of Y-shaped
fringes at the phase singularity (circled by the dotted blue line),
which also demonstrates that the pulse is a first-order optical
vortex.

The spatial profile of the compressed optical vortex is shown
in Fig. 3(c), which indicates that the intensity still maintains a
good doughnut shape. And it can be seen from the figure that
the intensity of the spot after the OPCPA is slightly uneven,
which is because during the amplification, the unevenness of
the spot after the SPP is further enlarged.

In order to obtain the interference image of the compressed
vortex and plane light, we divided the compressed vortex into
two beams; one is the vortex beam, and the other vortex beam
is expanded and intercepted to obtain a small portion of the
light spot, which can be approximated as plane light. The
two beams interfere in the far field, and the resulting interfer-
ence fringes are as shown in Fig. 3(d). It can be seen that the
central bright stripe branches into two (circled by the dotted
blue line), indicating that the compressed light still maintains
a good vortex characteristic and the topological charge is still 1.
The bending of the interference fringes is due to the fact that
the plane wave is a small part intercepted from the vortex beam,
so the wavefront is not completely planar.

To maintain the vortex quality, the beam amplification and
propagation should be well controlled. First, although the
OPCPA process does not affect the spatial phase, the pump
laser should be a flat-top distribution to ensure that each part
of the vortex beam can be amplified equally without destroying
the vortex structure. Second, the mirrors and lenses used in the
system should be with good surface, which can keep the wave-
front of the vortex beam.

We also measured the spectral characteristics of the opti-
cal vortex by an acousto-optic-based scanning spectrometer
(MOZZA, Fastlite). Figure 4 shows the spectra for four
segments of the beam selected from different quadrants of
the doughnut. The spectra of all four parts have almost the
same bandwidths, ∼200 nm FWHM, and spectral shapes. The
slight inconsistency of the spectra in Fig. 4 is mainly due to
the slight unevenness in the amplification process and the un-
evenness of the 4 μm OPA seed source spectrum. But these are
very small effects, and the spatial chirp is basically negligible.

Fig. 2. Amplified signal pulse energy after the second-stage OPA
and compressor as a function of the second pump energy.

Fig. 3. (a) Spatial profile of the 4 μm vortex output after SPP.
(b) Interference fringes of vortex and plane beams. (c) Spatial profile
of the amplified 4 μm vortex output. (d) Interference fringes of
amplified vortex and plane beams.

Fig. 4. Spectra of the optical vortex beam measured at four different
quadrants after the compressor. The small figures and the serial
numbers show the measured position of the spot.
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Temporal characterization of the vortex pulse is mea-
sured by a home-built second-harmonic-generation frequency-
resolved optical gating (SHG-FROG) setup [24] employing
a 200 μm AgGaS2 crystal. By optimizing the grating angles
and separation distance of the gratings in the compressor, we
measured the pulse width of the first quadrant of the beam with
a minimum pulse width of 119 fs, which is close to the Fourier-
transform-limited duration of 116 fs. Temporal characteriza-
tions of the OPCPA output pulse measured and retrieved from
the SHG-FROG measurement results are shown in Fig. 5.

Figures 5(a)–5(c) show the temporal characterizations of the
first quadrant of the optical vortex. Figures 5(a) and 5(b) re-
spectively represent the measured and retrieved traces by the
SHG-FROG. Figure 5(c) shows the reconstructed pulse in
blue and phase in green, which indicates the compressed pulse
duration is 119 fs. The temporal profiles of the other three
different quadrants of the compressed pulse are shown in
Figures 5(d)–5(f ). These curves correspond to 127 fs, 116 fs,
and 119 fs for these three parts. The errors of the FROG
inversion are about 0.4%. Therefore, in the time domain, the
different parts of the beam also have good consistency.

4. CONCLUSION

In conclusion, we report a high-energy femtosecond 4 μm op-
tical vortex laser system based on OPCPA. The pulse emitted
by the 4 μmOPA is converted into an optical vortex by an SPP.
Then, the vortex pulse is introduced as a signal pulse into the
two-stage collinear KTA OPCPA to be amplified. A laser with
9.53 mJ, 119 fs, 20 Hz optical vortex is obtained finally. By
interfering with the plane wave, we verified that its topological

charge is 1. Moreover, the optical vortex amplified by OPCPA
can still maintain good vortex characteristics. This high-energy,
mid-IR optical vortex laser source is highly suitable for driving
various nonlinear optical phenomena, such as HHG and high-
flux coherent extreme ultraviolet or soft X-ray radiation.
Moreover, this method can be further extended to optical vor-
tex lasers with other wavelengths and higher peak power.
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