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We report on the generation of optical vortices with few-
cycle pulse durations, 500µJ per pulse, at a repetition rate
of 1 kHz. To do so, a 25 fs laser beam at 800 nm is shaped
with a helical phase and coupled into a hollow core fiber
filled with argon gas, in which it undergoes self phase
modulation. 5.5 fs long pulses are measured at the out-
put of the fiber using a dispersion-scan setup. To retrieve
the spectrally resolved spatial profile and orbital angular
momentum (OAM) content of the pulse, we introduce a
method based on spatially-resolved Fourier transform
spectroscopy. We find that the input OAM is transferred
to all frequency components of the post-compressed
pulse. The combination of these two information shows
that we obtain few-cycle, high intensity vortex beams
with a well-defined OAM and sufficient energy to drive
strong field processes.

http://dx.doi.org/10.1364/ao.XX.XXXXXX

1. INTRODUCTION

Since 1992 and the work of Allen et al. [1], it was recognized
that orbital angular momentum (OAM) can be imparted to light
beams, with ever more pratical implementations [2]. Contrary
to the spin angular momentum (SAM), which is related to the
local polarization state of the field, a non-zero OAM value is
typically associated to an helical wavefront [3]. As such they
were early refered to as "optical vortices" [4]. Prototypical ex-
amples of modes with OAM are the Laguerre-Gaussian and
Bessel-Gaussian modes [3], which carry a well-defined OAM:
all individual photons in such a mode carry the same quantum
of OAM [5]. This value is given by an azimutal index ℓ, which
corresponds to the number of 2π phase cycles along a circle
centered on the beam axis. The phase singularity in the center of
these beams imposes a doughnut-shaped transverse intensity.

The discovery of vortex beams was followed by numerous
applications [6, 7], such as particle manipulation with optical
tweezers [8], stimulated-emission depletion (STED) microscopy
[9] and optical communications [10–12]. Vortex beams have also
been drawing a keen interest in the field of ultrafast light-matter
interaction. When brought to femtosecond duration and with
sufficient high peak power (above 1014 W/cm2), they can be
used to drive nonlinear optical effects in which the OAM of light

becomes a novel quantity to be exchanged in the process. A
notable example is the demonstration of extreme ultra-violet
(XUV) vortex beams, obtained by high-harmonic generation
(HHG) of an infrared vortex driver [13–15]. Such schemes allow
the production of attosecond pulse trains carrying OAM, as well
as new forms of structured light [16–18].

However, optical vortices have yet to be applied in one pecu-
liar field of light-matter interaction: the few-cycle strong field
regime, where the duration of light pulses is of the order of mag-
nitude of the optical cycle. The method of post-compression to
reach this regime with regular beams is becoming increasingly
standard. In a nonlinear medium, the "long" pulse undergoes
self-phase modulation (SPM) [19, 20], which broadens its spectra
and thus reduces its Fourier-transform limited duration. To guar-
antee spatially homogeneous broadening and well-controlled
SPM, this process can be realized inside gas-filled hollow-core
fibers (HCF) [21–23], multi-pass cells [24–26], or multiple bulk el-
ements [27, 28]. Such short pulses, when used to drive the HHG
process, allow the generation of XUV frequency supercontinua
and isolated attosecond pulses [23, 29].

In themselves, few-cycle optical vortices (FCOV) are intrigu-
ing objects. For instance, there exists a relationship between
the value of OAM that a pulse carries and the minimum du-
ration it can have [30]. Furthermore, using them in nonlinear
optics could bring a new field of applications. Such beams with
defined OAM, extremely broadband and continuous spectra
would make formidable tools to probe recently discovered heli-
cal dichroisms, for instance in magnetic structures [31, 32] or in
chiral disordered media [33].

The generation of intense single-cycle vortex beams is tech-
nically challenging. Monochromatic vortex beams are typically
obtained by converting a Gaussian beam using elements such
as spiral phase plates (SPP) [34, 35], or spatial light modulators
[36]. These elements imprint an azimutally varying phase on
the beam, which corresponds to a well-defined OAM at one
specific frequency. With single material plates, it was shown in
Ref. [37], in the low energy regime, that although the central
singularity of ultrashort vortex beams is conserved, its OAM
content is highly inhomogeneous. Indeed the curling phase im-
parted ranged from 1.7π to 2.5π respectively for 631 nm and
952 nm spectral components. It significantly altered the homo-
geneity of the dounut shaped resulting beam, and would be
further amplified in a strongly non linear regime [17]. Other
types of devices [38] suffer the same kind of limitations in the
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Fig. 1. (a) Experimental setup. A spiral phase plate (SPP) placed before a hollow-core-fiber (HCF) leads to the generation of a broad-
band vortex beam. (b) Michelson interferometer for the Fourier-transform spectroscopy. An equilateral triangular slit can be in-
serted before the interferometer, creating a diffraction pattern dependent on the OAM. A series of images is recorded while scaning
the delay, and its Fourier transform is computed numerically. (c) Image of the focus after compression.

broadband regime. To circumvent this drawback, achromatic
devices have been proposed [39, 40], and demonstrated [41, 42].
However, this increases the complexity of the setup and requires
potentially expensive material and on demand designs. Alter-
natively, theoretical works [43, 44] have recently suggested to
first generate a reasonably narrow band optical vortex, and then
post-compress it. As such, it was experimentally demonstrated
that using SPM in a multi-pass cell for broadening an optical vor-
tex was feasable, and scalable to large power [45], even though
the few-cycle regime was not achieved yet in this configuration.

In this letter, we propose and demonstrate a scheme allow-
ing the generation of high intensity few-cycle optical vortices
(FCOV) in the visible/near-infrared domain. Instead of try-
ing to convert a few-cycle Gaussian beam into a LG mode, we
start from a 25 fs Laguerre-Gaussian mode and attempt to post-
compress it in an argon-filled stretched hollow-core fiber (HCF).
We show that the vortex beam propagates through the HCF and
that its topological charge ℓ is not altered by the spectral broad-
ening process. After temporal compression, we characterize the
FCOV in space and time, showing that all created frequency
components have an OAM of ℓ and that the pulse has a duration
of two optical cycles.

2. EXPERIMENT

The sketch of the experimental setup is shown Fig. 1(a). A
specific in-house amplifier has been developped on the FAB
laser [46] of the ATTOLAB facility, delivering 25 fs, 2 mJ pulses
centered at 800 nm at a repetition rate of 1 kHz, with possi-
ble carrier-enveloppe phase (CEP) stabilization. Prior to post-
compression, the Gaussian mode of the beam is passed through
a ℓ = 1 SPP, to be imparted OAM. It is then focused onto the
HCF tip. We use a 1.4 m long, 400 µm inner diameter HCF filled
with argon (few-cycle Inc.). A longitudinal gradient of pressure
is applied in order to limit self-focusing and filamentation effects
at the entrance of the fiber [47]. The pressure at the output tip of
the fiber is around 1 bar.

Laguerre-Gaussian modes are intuitive to describe OAM-
carrying beams in the free-space propagation, however they are
not eigenmodes of the fiber. The modes of a hollow-core fiber
are well-documented [48, 49] and two particular modes, OAM±
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of opposite circular polarization [12] , display a helical phase
similar to the one of the input ℓ = 1 LG beam. The laser beam
waist at focus is optimized to maximize the overlap with these
two modes, similarly to what is usually done with a Gaussian
beam [21]. When using a gaussian beam with our fiber, we need
a beam waist of 130 µm, however for the Laguerre-Gaussian, we

need to adjust it to 110 µm, or 0.56 times the fiber radius (see
section 1 of the Supplemental Document). This leads to 95%
coupling between the incident LG1,0 mode and the fiber modes.

After spectral broadening in the fiber, the pulse is collimated
with a spherical mirror, and then undergoes several reflections
on a set of chirped mirrors (PC1332, Ultrafast Innovations) that
provide negative group delay dispersion (GDD). The overall
GDD of the pulse is finely adjusted by means of two wedge
prisms. A 1 mm-thick KDP compensates the third order disper-
sion. We measure a 0.5 mJ pulse energy at the output of the
compression setup.

3. RESULTS

In order to observe the intensity profile of each frequency com-
ponent independently, we perform a spatially-resolved Fourier-
transform spectroscopy (FTS) experiment [50]. The broadband
vortex beam is sent into a Michelson interferometer. We record
the light interference pattern at the focus of the beam, while the
optical path difference between the two arms of the interferome-
ter is varied by steps of 75 nm. All data acquisition is performed
using the PyMoDAQ open-source library [51]. The pixel-wise
Fourier transform of the delay-varying intensity provides us
with the transverse spatial profile of the beam at each wave-
length (Fig. 2.a). We observe that each frequency component
exhibits a ring shape at focus, typical of light carrying OAM.
To confirm the presence of OAM and to measure its value, we
insert an equilateral triangular aperture prior to the interferom-
eter. The diffraction pattern by such an aperture is a triangle
consisting of several dots, the number of dots on any side of the
triangle being equal to ℓ+ 1 [52]. In our experiment (Fig. 2.b),
we observe triangles with two dots on each side, corresponding
to an OAM quantum ℓ = 1. The pattern is the same at every
wavelength, demonstrating that the OAM is transfered to the
new frequencies created during self-phase modulation.

To explain the transfer of an equal quantum of OAM to all
spectral components, we recall that SPM can be viewed as a
degenerate four-wave mixing process, in which two pump pho-
tons at ω carrying ℓ0 = 1 will separate into one Stokes photon
at ωs = ω − dω and one Anti-Stokes photon at ωas = ω + dω.
Because the medium is homogeneous, there is no transfer of
OAM to the gas, and the two outgoing photons must carry a to-
tal OAM quantum of ℓs + ℓas = 2ℓ0 = 2. The trivial combination
is ℓs = ℓas = 1, but there could also be other possibilities that
satisfy the OAM conservation, for instance ℓs = 0 and ℓas = 2.
However, as demonstrated though the computation of mode
overlaps in section 3 of the Supplemental Document, phase
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Fig. 2. (a) Spectrally resolved transverse intensity of the vortex beam at focus for a selection a wavelengths trhoughout the post-
compressed pulse, retrieved by Fourier-Transform spectroscopy. (b) Same when the triangular aperture is inserted at the entrance of
the interferometr. For clarity, all images are normalized and displayed in a linear scale going from black to a given color.

matching over the length of the interaction medium effectively
suppresses any pathway involving ℓs/as ̸= 1.

To complete the characterization of the FCOV, we measure
its temporal intensity and phase. To do so, we use the disper-
sion scan (d-scan) technique [53], which is not perturbed by the
OAM carried by the pulse. The beam is focused in a 5 µm-thick
BBO crystal optimized for second harmonic generation (SHG). A
glass wedge placed at the Brewster angle separates the generated
second harmonic from the fundamental. We record the second
harmonic spectrum while scanning the dispersion in a controlled
way, here through the translation of a wedge prism (see Fig. 1).
The spectrum is measured using an integrating sphere, meaning
that the result is the spatially-averaged temporal profile. A re-
trieval algorithm then reconstructs the pulse in amplitude and
phase by minimizing the error between the measured d-scan
trace and a simulated trace. We use the common pulse retrieval
algorithm (COPRA) [54], as implemented in the open-source
retrieval software PyMoDAQ-Femto [55]. The result of the pro-
cedure is presented in Fig. 3. The fundamental and measured
spectra have similar shapes but do not match perfectly. This is a
known effect in dispersion scans in the presence of experimen-
tal noise [56]. Despite this discrepancy, the error between the
retrieved and experimental traces, using the normalized root
mean square error [54], is 7.4 × 10−3 on a 101 x 2048 grid, which
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Fig. 3. (color online) (a) Measured and (b) reconstructed dis-
persion scans. (c) Retrieved spectrum and phase. (d) Recon-
structed temporal profile, with a FWHM of 5.5 fs i.e. 2 optical
cycles.

guarantees that the temporal profile is retrieved accurately. The
pulse has a FWHM duration of 5.5 fs (Fig. 3.d) at the optimal
glass insertion. We specify that the CEP was not stabilized dur-
ing the measurement. For LG modes, CEP variations translate
into a random azimutal rotation of the pulse inside its envelope,
which has no effect in the d-scan measurement.

The output power of the system is 0.5 mJ, which amounts
to a rather poor transmission of 25%. For comparison, with
the same setup but using a Gaussian input beam, with some
changes to accomodate the higher peak intensity and different
mode size (see section 2 of Supplemental Document), we obtain
50% transmission and 4.9 fs output pulse duration. There is
thus a significant drop of transmission when using the LG beam,
which cannot be explained by the attenuation coefficient of the
OAM±

11 fiber modes. Instead, we attribute this lower efficiency
with LG modes to two effects. First, even if the spiral phase
plate gives an OAM ℓ = 1 to the beam, it does not transform the
Gaussian mode into a pure LG10 mode: 21.5% of the energy is
sent towards higher radial modes, which have worse coupling
in the fiber [35]. Second, the propagation of OAM modes is more
sensitive to imperfections in the wavefront than the fundamental
mode. This means that all detrimental experimental effects, such
as imperfect mode quality of the laser, unwanted nonlinearities,
or large B-integrals, will lead to increased loss for LG modes.
Notably, we noticed that, as currently implemented, the fiber
input window causes measurable nonlinearities. Furthermore,
report of higher energy transmission of vortex in HCF [57], al-
though in less demanding conditions, leads us to believe that
the performances of our setup could be improved by a better
engineered post-compression system and by a more optimized
LG conversion technique.

We can also see in Fig. 3.c that the spectrum shows modula-
tions. This indicates a significant level of ionization in the fiber.
Indeed, we are using argon, which has a low ionization potential.
This choice was motivated because of the lower energy density
of the Laguerre-Gaussian mode compared to a Gaussian mode,
which means we need a gas with a higher nonlinear index to
broaden the spectrum significantly. Thus, we have to compro-
mize between either a larger spectrum (and shorter pulses) or
a cleaner one. A possible improvement would be to use a fiber
with a smaller diameter in order to have a higher energy den-
sity in the fiber, and be able to use a gas with lower nonlinear
index but a higher ionization potential, such as neon or helium.
Nonetheless, given the pulse duration of 5.5 fs, and assuming
the focal length of 1 m we used to image the focus in our Michel-
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son interferometer (Fig. 2), the irradiance at focus in the current
conditions amounts to 1.5 × 1014 W/cm2, which is already suf-
ficient for usage in nonlinear processes such as high-harmonic
generation.

4. CONCLUSION

We demonstrated that a 2 mJ beam with OAM can be com-
pressed in a hollow-core fiber with about 25% transmission,
leading to a transmitted energy of 0.5 mJ. We showed that after
the fiber, the OAM content of the beam is dominated by ℓ = 1 at
all frequencies. The resulting pulse duration is 2.1 optical cycles
(5.5 fs). Combined together, this means we can already reach
values of irrandiance that are enough to drive highly nonlinear
processes, such as HHG. The process is also scalable to larger
energies, through an adaptation of the fiber length, diameter
and gas. It is also scalable to larger topological charges, as the
fundamental limit of Ref. [30] is not reached in this configura-
tion. Generating harmonics with this kind of driver would open
the path for time-dependent applications of the OAM at the
attosecond timescale, and on a very broad continuous spectral
range, which is out of reach today.
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Few-cycle optical vortices for strong
field physics: supplemental document

1. COUPLING INTO THE FIBER

The coupling efficiency can be estimated by [1]:

η =
(
∫

E1E∗
2 )

2
∫
|E1|2

∫
|E2|2

, (S1)

where η is the coupling efficiency, and E1 and E2 are the transverse profile of respectively the
input beam and the fiber mode. The integral is carried out over transverse dimensions. The fiber
modes carrying OAM are described in [2–4]. They are indexed by an azimuthal index ℓ, equal to
the OAM quantum, and a radial index p, with p ≥ 1

We first look at the coupling efficiency between a Gaussian input beam and the fiber modes. The
results are shown in Fig. S1(a), and are agreeing with the litterature [1]: the beam couples mainly
to the lowest radial mode, with a maximal efficiency of 0.98, for a waist/radius ratio W

a = 0.66.
No energy is sent towards modes carrying a non-zero OAM. In the case of a Laguerre-Gaussian
input (Fig. S1(b)), the result is very similar: the optimal coupling is with the mode ℓ = 1, p = 1 of
the fiber. The maximum of coupling should be 0.96, achieved at W

a = 0.55.

Fig. S1. Coupling to the fiber modes for a (a) Gaussian or a (b) Laguerre-Gaussian input, de-
pending on the waist (normalized by the fiber radius). The solid black curve shows the sum of
the coupling towards all modes carrying an OAM different from the input beam.

2. COMPRESSION OF A GAUSSIAN BEAM

The setup for compression without OAM was a bit different from the one described in the article.
To couple in the fiber, we used a Gaussian mode with a waist of 130 µm, for better overlap with
the fiber modes carrying no OAM. Since the peak intensity is higher with a Gaussian beam, we
use helium instead of argon for our nonlinear medium. This reduces the losses due to ionization,
which enables us to get a much higher transmission: 80% without gas, 50% with 4 bar helium. We
measured the duration of the pulses with the same method as described in the article, and show
the results in figure S2. We find a pulse duration of 4.9 fs, less than two optical cycles.

3. ORBITAL ANGULAR MOMENTUM IN SPM

The probability amplitude to generate a specific combination of Stokes and Anti-Stokes modes
during the self-phase modulation process is given by their overlap with the pump profiles [5]:
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Fig. S2. Dispersion scan trace measured an retrieved, retrieved spectrum and pulse, same as
Fig. 3 of the main text, but for a Gaussian input pulse.

cℓ0,ℓs ,ℓas =
∫ (

uω0
ℓ0

(r)
)2 (

uωs
ℓs

(r) uωas
ℓas

(r)
)∗

dr (S2)

where uωx
ℓx

is the field of a Laguerre-Gaussian mode with azimuthal index ℓx and waist ωx. We
numerically evaluate this integral over the transverse plane for several pairs of (ℓs, ℓas). We
consider a Stoke shift of 5 nm, and apply the Boyd criterion [5]: the waists of the generated fields
are set so that their Rayleigh ranges match that of the pump fields. Figure S3(b) shows that the
overlap is much larger for the ℓs = ℓas = 1 case. Moreover, the same situation takes place when
integrating along the fiber propagation dimension, strenghtening the dominance of this pathway
over the other quantum paths.

This is even further amplified by phase matching effects: in the fiber, the different modes
have different propagation constants (even without gas), whose formula can be found in [6].
We computed the phase shift between the ℓ = 1 driver mode, and several other modes, and
represented it in figure S3(c). We can see that the phase mismatch accumulated on the whole fiber
between two different values of OAM far exceeds 2π, meaning that any mode with |ℓ| ̸= 1 is
suppressed by phase-matching. Thus, even though the SPM process by itself does not transfer its
OAM content of the driver to the new frequencies, our long interaction medium filters out values
of OAM different from the driver’s.
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