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ABSTRACT An experimental method for the production of
high power optical vortices by using volume phase holographic
plates is presented. Experiments in air, N2 and Ar have been
performed as an example of the method’s potential, observing
non-linear effects and filamentation. Theoretical calculations
support the conclusions.

PACS 42.40.Eq; 42.65.Hw

1 Introduction

Optical vortices (OVs) have been the object of in-
tensive investigation due to their special properties concern-
ing orbital angular momentum and spatial distribution [1].
Most of the works related to OVs have involved continuous-
wave (cw) and quasi-cw regimes. Recently, the generation of
OVs in very short and intense light bursts has been a sub-
ject of interest. This will allow us to have access into the
high-power regime for studying experimentally the behavior
of non-linear vortex structures (i.e. propagation in Kerr media
and filamentation).

In order to generate the OVs with femtosecond pulses,
two main approaches can be found in the literature. Both
techniques have been exported from the cw regime, where
they had already been consolidated. First, spiral phase plates
(SPPs) are media where the optical path increases with the azi-
muthal angle, yielding an output beam with a helical phase
front [2]. It has been shown that it is possible to generate vor-
tex structures at the Ti:sapphire emission wavelength with ef-
ficiency of 55% and high damage thresholds [3]. Other materi-
als, such as resists, offer higher efficiencies (around 80% [4])
and still quite high damage thresholds in the case of photore-
sists [5]. Therefore, SPPs appear as promising candidates to
high power OV generation [6]. However, a recent work es-
tablishes some limitations of the technique when very short
pulses are used [7]. In fact, for spectra presenting a FWHM
higher than 40 nm, spatial chirp effects appear. Therefore, this
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technique may have problems for pulses shorter than 30 fs.
On the other hand, the manufacture of SPPs is expensive and
demanding.

The second technique uses the so-called computer-gener-
ated holograms (CGHs), gratings presenting some disloca-
tions in the diffraction pattern that creates the vortex. Usually
they consist of an amplitude mask [8], but alternative pro-
cessing of CGHs has been reported [9]. Also, dynamic CGHs
have been tested using liquid-crystal media [10]. In general,
the CGH technique presents lower efficiencies than those ob-
tained with the SPPs. However, because of its simplicity of
production compared to the SPP making up process, it is
a quite popular technique, too. In addition, CGHs have been
adapted to the femtosecond regime using 2f–2f set-ups, in
order to compensate the spatial chirp [11, 12]. The main lim-
itations of CGHs to date are the low damage threshold of the
materials used, preventing the generation of high-power OVs,
and the very low efficiency (as an exception, CGHs consisting
of bleached plates [9] and liquid crystals (LCs) [10] present
higher efficiency, compared to the more common amplitude
CGHs).

We propose an alternative way to generate the OVs, in
order to overcome simultaneously the mentioned limitations
of the CGHs. By using volume phase holograms (VPHs), we
show that it is possible to generate vortices with high effi-
ciency and power, since the damage threshold of these ma-
terials is high. The paper is structured as follows. In a first
part, we present the making up process, recording the OV pat-
tern in the VPH. The plate is used to generate OVs in the
femtosecond pulse regime, characterizing the set-up perform-
ance and output. In a second part, we present observations of
the non-linear and filamentation effects of high-power vor-
tices in gases, showing the potential of the VPH experimental
set-up. Theoretical simulations have been performed in order
to understand the process and to establish comparison with
experiments. Finally, conclusions and future perspectives are
mentioned.

2 Experimental set-up

In order to record the VPH, the first step consists
of generating an OV with low energy. We have recorded
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FIGURE 1 Microscope images. (a) Recorded plate with the microma-
chined CGH at the dislocation (×5). (b) The singularity region of the
dichromated gelatin vortex plate (H2) (×100)

by laser micromachining a CGH pattern on a plate, creat-
ing vortex structures in the +1 diffracted order, with topo-
logical charge m = 1. We used a beam from a Ti:sapphire
laser (110-fs-duration pulses, peak fluence of 20 J/cm2) to
print a 9 mm × 9 mm CGH grating. The result of this pro-
cedure is a transmission grating, presenting transparent and
opaque lines (period = 55 µm). Figure 1a shows the disloca-
tion area of the CGH obtained by using a microscope (Axio
Imager M1.m from Zeiss). The spatial phase dependence of
the vortex (order +1) has been proven to be azimuthal by
using the collinear interferogram between the vortex and a di-
verging beam as presented in [12] (see Fig. 2a). The spatial
characteristics (e.g. the topological charge) can be changed
just by reprogramming the micromachining in order to write
the proper CGH, and so the process can be extended easily to
other topological charge vortices, or even can be generalized
to other structures. The efficiency of the grating, considering
the +1 diffraction order vortex, is around 9%, similar to the
efficiency of the usual amplitude CGHs, since several diffrac-
tion orders are generated. In contrast, the micromachined
grating presents a higher damage threshold than the standard
printed films or LC devices (around some tens of GW/cm2).
Experimentally, we have observed outputs of hundreds of µJ
(110-fs pulses), more power than that obtained typically with
the common amplitude CGHs. However, the two main bottle-
neck points are the relatively low damage threshold (because
of the absorption in the ‘burned’ lines) and the low efficiency.

These two points can be overcome by using volume phase
holographic recordings, where the information is presented
in phase modulations, not in amplitude. Volume phase holo-
grams assure the generation of a single diffracted mode,
with high efficiencies (theoretically around 100% could be
possible, excluding reflection losses) depending on the ex-
perimental parameters (recording and reconstruction wave-
lengths, type of holographic plate, processing, etc).

In order to record the vortex VPH, we have used a typi-
cal holographic set-up. The beam of the recording laser has
been split into two. One of the arms passes through the mi-
cromachined plate, generating the vortices in the different
diffraction orders. The +1 order is selected, blocking the rest.
The second beam is used as the reference. Both beams are
directed to a holographic plate (two types were used, sil-
ver halide Slavich PFG-01 and dichromated gelatin PFG-04)
forming a certain angle (depending on the plate type), needed
to obtain a volume hologram for our experimental conditions.

FIGURE 2 (a) Interference between the vortex generated with the micro-
machined CGH and a divergent beam (λ = 793 nm). (b) Dislocation pattern
from the VPH vortex interfering with a flat-wavefront beam (λ = 633 nm)

The phase nature is obtained by the development process.
Figure 1b shows a magnification (×100) of the vortex re-
gion in the dichromated gelatin plate, observing a grating
structure whose periodicity is 700 lines/mm. Note that, in
this last figure, the dislocation structure can be guessed: al-
though the vortex is located in a minimum-intensity region,
and the dislocation is not visible, please observe that the part
above the vortex presents a line more than that of the lower
part.

A second grating, presenting the same dispersion charac-
teristics as the VPH described above but without any dislo-
cation, is necessary to avoid chromatism problems, as will
be mentioned later. This second VPH was recorded in the
same way as described previously, with the only difference
that in this case both reference and object beams are plane
wavefronts. Their interference creates the grating in the holo-
graphic plate. Its structure was verified by the microscope,
obtaining the same period as that corresponding to the vor-
tex VPH out of the singularity region. During the rest of this
work, the non-vortex VPH will be called H1, and the vortex
generator VPH will be referred to as H2.

In Fig. 2b, VPH vortex generation properties are checked.
The non-collinear interference between a flat-wavefront beam
and the vortex VPH order +1 is presented, showing a clear
dislocation pattern, very similar to the original one (Fig. 1a),
as expected (a cw He–Ne laser has been used for this
interference).

Table 1 summarizes the main features of the two types of
holographic plates used in this work. The efficiency of the
plate at λ = 800 nm can be improved dramatically by choos-
ing the proper type of holographic material and development
process. Therefore, the dichromated gelatin plates seem to
be the appropriate election for this wavelength, with an over-
all efficiency of 78%, which is consistent with the results
from [13]. Please note that this overall efficiency includes re-
flection loses. When observing the relative efficiency between
the two observed orders, 0 and +1 (‘efficiency (0 order vs. +1
order) at 793 nm’), since no higher diffraction orders are ob-
served, the efficiency increases. The reason is that the main
losses are due to reflection. Therefore, antireflection-coated
VPHs could have even more than 90% efficiency. The record-
ing angle between reference and object beams is also shown,
and it depends on the type of plate used. Finally, the last col-
umn presents the type of recording laser.

According to their nature, the VPHs are very dispersive
spectrally. A non-monochromatic beam, such as ultra-short
pulses, is especially sensitive to this effect, presenting an im-
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Type of plate +1 order overall Efficiency Recording Recording laser
efficiency (0 vs. +1 order) angle
at 800 nm at 793 nm between

reference and
object beams

Silver halide 40% 60% 37◦ He–Ne
Dichromated 78% 95% 22◦ NdYVO4
gelatin

TABLE 1 Performances of the different types of VPHs

FIGURE 3 Scheme of the experimental set-up for generating the high-
power vortices

portant spatial chirp in the diffracted beam. Therefore, an
achromatic set-up is needed to correct this problem that could
be very important in a femtosecond pulsed laser. We have im-
plemented a set-up similar to that proposed in [12]. As shown
in Fig. 3, the laser beam passes first through a half-wave plate,
in order to rotate the laser polarization and optimize the holo-
graphic element response. Then, it is diffracted by the non-
vortex VPH grating H1. A 2f–2f set-up (L1) images H1 onto
H2 ( f = 200 mm) with a magnification of −1. Focalization
occurs inside a vacuum cell, as quite high energy will be used
and non-linear and ionization effects could appear. However,
we have observed that it is a conservative precaution, at least
for the powers employed in the present work, because even in
air there is no important non-linear effect. Recall that the beam
is very dispersed spectrally at this point, which precludes the
formation of a concentrated focus. Nevertheless, for higher
powers the vacuum cell may be necessary and, in general,
beam stability is observed to be slightly better. Just before the
vortex plate H2, a collimating lens L2 has been placed. We
have chosen to put it before, and not after, the plate, as astig-
matism of the system induced by the VPH plate is probed to
be reduced dramatically.

The overall transmission of the system using silver halide
VPHs is 20–15% at 793 nm, since two VPHs are used. On the
other hand, if dichromated gelatins are considered, the over-
all efficiency of the set-up has been observed to be around
60% at λ = 800 nm, which is comparable with the SPPs’
performances. Furthermore, if reflections are prevented (e.g.
using antireflection coatings), the overall efficiency will soar
to 80%. Concerning the damage threshold, we have worked
with intensities of up to 270 GW/cm2, without observing any
damage to the holograms.

In conclusion, the VPH achromatic set-up efficiency could
be similar to or even higher than those corresponding to the
SPPs. Besides, they present a very broad spectral band, be-
ing especially attractive for ultra-short pulses. Vortex output
power has been observed up to 130 GW, only limited by the
available input power.

3 High-power vortices in gases

The propagation of optical vortices in Kerr me-
dia has been a subject of interest in recent years. From
a fundamental point of view, the study of the dynamics of
self-breaking, due to modulation instabilities, gives insight
about the interplay of the vortex charge and the peak power.
In the literature, several experimental works have explored
the behavior of femtosecond pulsed OVs in high saturable
non-linear behavior, e.g. solids [14], water [15] and gases,
presenting a resonance line within the laser wavelength do-
main [16, 17]. Moreover, the predicted high stability of the
vortex solitons against collapse and filamentation [18] may
be used for efficient and stable beam propagation in the
atmosphere.

In this context, we have tested the capabilities and applica-
tions of our set-up producing OVs up to 14 GW with the silver
halide VPHs, since this power is enough to show some non-
linear effects. Due to our experimental conditions, the OVs
could propagate up to 10 m, showing no changes in the in-
tensity distribution. But, considering calculations in [18] with
similar conditions, the OVs are expected to collapse only after
some hundreds of meters. In order to explore the non-linear
behavior and the limits of the stability of the OVs’ structure in
the laboratory we loosely focus the vortex with a f = 220 cm
convergent lens placed after the holographic plate and observe
the propagation. In the linear regime in air, the vortex main-
tains its ring-like structure when it propagates. In the case of
a 14-GW vortex, the vortex breaks up into two splinters. Fig-
ure 4a shows the spatial intensity distribution at 0.81 m after
the focus for the non-linear regime. The double-splinter struc-
ture is also observed in further propagation demonstrating the
generation of high-power OVs, which are able to propagate
non-linearly even in atmospheric air.

In order to analyze the physical origin of these local-
ized structures, we have performed (2 +1)-dimensional nu-

FIGURE 4 Experimental (a) and theoretical (b) split beams in air at 0.81 m
after the focus ( f = 2.2 m), using 1.6-mJ, 110-fs pulses
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FIGURE 5 Experimental structures of filamentation at two different shots
of a 14-GW vortex in N2 (P = 1.6 bar), showing (a) two- and (b) three-
filament structures

merical simulations of the propagation in air, including the
Kerr non-linearity. The input intensity profile is calculated
from the +1 order diffraction of a beam through a CGH,
presenting the same parameters as our experimental set-up.
The propagation code, solving the non-linear Schrödinger
equation, is mentioned in [19]. Since our code does not
include ionization, the onset of filamentation is identified
as a catastrophic collapse, after which our numerical re-
sults are meaningless. For the same reason, the rise of
non-singular, self-similar structures in our calculation (see
Fig. 4b) can only be associated with the non-linear effect
due to the Kerr effect, and not to filamentation. The good
agreement of the comparison between the numerical results
(Fig. 4b) and the experiments (Fig. 4a) leads us to conclude
that the emerging beams are directly related to the Kerr
effect.

A similar experiment as the one mentioned above was
done inside a 2-m-long cell filled with N2. In these cases the
intensity distributions were observed after the cell output win-
dow (around 1.33 m from the focus). When P(N2) = 1 bar,
the splitting is very similar to that observed in air. If P(N2) =
1.6 bar, not very far away from atmospheric pressure, the ex-
perimental behavior changes and light from multiple filamen-
tation is clearly observed (Fig. 5). The vortex structure has
been observed to collapse into two (Fig. 5a) or three (Fig. 5b)
filaments in an erratic way at the same experimental condi-
tions. In addition, numerical simulations give an indication of
filamentation showing collapse near the focus.

Non-linear effects have been observed also in gases pre-
senting a Kerr non-linear index weaker than air, for ex-
ample Ar. For low Ar pressures (some hundreds of mbar), the
14-GW vortex’s spatial distribution is unchanged. However,
for higher pressures (P(Ar) = 1.9 bar), the break-up appears
clearly at the cell output, splitting into two beams similarly
to that shown in Fig. 4. No filamentation regime has been ob-
served with pressures up to 2.3 bar.

These results are examples of the capabilities of the pre-
sented set-up. Using improved VPHs, such as the currently
tested dichromated gelatins, leads to the generation of vortices
at very high power regimes. With these high-power vortices,
it is possible to have access to the non-linear regime and fil-
amentation in air propagation, which allows us to study in
a simpler and more detailed way processes such as remote
filamentation, remote laser intensity breakdown spectroscopy
(LIBS), etc, which can be further applied in atmospheric con-
ditions. In addition, it is possible to perform in a simple way
some modifications in the propagation, changing the angular
momentum distribution.

4 Conclusions

A new system of generating optical vortices, based
on recording volume phase holograms, is presented, show-
ing high efficiencies and damage thresholds (no effects ap-
pear when irradiated with near-200-GW pulses), allowing us
to produce high-power vortices. An example of the poten-
tial of this set-up has been shown in obtaining experimentally
non-linear effects and break-up into two or three filaments by
loosely focusing the vortices in gases (Ar and N2). Even in
air at 1 bar, non-linear effects appear, showing agreement with
theoretical predictions. This opens the possibility of study-
ing experimentally non-linear effects on vortex propagation
in air, where it is easy to follow the spatial evolution or even
to manipulate it. The future development of the VPHs ap-
plied to the spatial profile tailoring in the ultra-short regime, in
general, and high-power ultra-short vortices, in particular, is
very promising since the efficiency can be improved by using
different holographic materials and procedures (e.g. in the
present work, dichromated gelatin holographic plates). These
high-power OVs could be employed for experimentation on
filamentation, non-linear propagation even in weak Kerr me-
dia and high-harmonic generation. Moreover, the VPH tech-
nique can be generalized to the implementation of other kinds
of beam shaping working at high powers.
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