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Abstract

The requirements for the generation of optical vortices with ultra-short and ultra-intense
laser pulses are considered. Several optical vortice generation procedures are analysed,
specifically those based on diffractive elements, such as computer generated holograms
(CGH). Optical vortices achromatization techniques are studied. Volume phase holo-
graphic (VPH) elements are considered for highly efficient, broad spectrum, high dam-
age-threshold generation of vortices. VPH compound systems, including a compact one,
for achromatic vortex generation are presented. Experimental results of vortice genera-
tion with ultra-short and ultra-intense pulses are shown.

Keywords: optical vortex, pulse shaping, volume phase holograms (VPH), aberration
compensation, holographic optical elements

1. Introduction

An optical vortex is a wave that has a phase singularity, so that the intensity figure is ring-

shaped, with zero intensity at the centre due to the indeterminacy of phase at that point. The

phase varies helically around the singularity, from 0 to 2πm, m being an integer called the

topological charge. This kind of beams is associated with an amount of angular momentum,

which makes them very attractive for certain types of applications, such as the development of

optical tweezers [1]. Another application of interest is the vortex coronagraphy, which allows

astronomers to create a blind spot that blocks the starlight revealing orbiting bodies such as

planets or dust clouds [2], a technique that requires achromatic elements.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



In recent years interest in the generation of vortices from ultra-short and ultra-intense pulses

has been increased, opening access to the experimental study of phenomenology in vortex

propagation in non-linear regime [3, 4] and their possible applications, such as remote laser-

induced breakdown spectroscopy (LIBS) [5], or phase control in higher order harmonics

generation. The generation of high-energy vortices from ultra-intense and ultra-short laser

pulses requires elements that, on the one hand, have a high damage threshold and, on the

other, are able to work with a wide bandwidth.

There are several techniques for generating vortices with short laser pulses, all extrapolated

from their use in continuous-wave regime, under conditions of monochromaticity and low

energy. One of them is the use of modal converters, in which a vortex can be obtained from a

HG01 mode with a combination of cylindrical lenses [6]. This technique is not feasible in the

case of intense laser pulses, since it is difficult in this case to get the laser to emit in HG01 mode.

There are modal converters based on LCD spatial light modulators, but are not applicable to

high-energy lasers because of their damage threshold [7].

To date, there are two vortex generation techniques applicable to femtosecond lasers. The first

is the use of spiral phase masks, manufactured either by depositing quartz onto a quartz

substrate [8], by lithography in resins [9] and photoresists [10] or directly by carving on fused

silica. In all cases, the mask is made with steps; the thickness increases with the azimuth angle

and therefore the output phase varies helically. This type of masks has an efficiency of approx-

imately 55% in the case of manufacturing by deposition or up to 80% in the case of photoresist,

and they have a high damage threshold, allowing illumination with ultra-intense pulses

obtaining high-energy vortices. A disadvantage of these phase masks is that they have some

chromatic aberration when the half-width of the pulse is greater than 40 nm, which is

manifested in the variation of the topological charge of the vortex with the wavelength, which

limits their use to pulses higher than 30 fs [11].

Recently, Swartzlander [12] proposed a solution to try to achromatize this type of elements, by

joining two different materials bonded together with a spiral phase (achieved by varying

thickness) between them. With this method, achromatization is achieved for two wavelengths.

In any case, the manufacturing process is expensive and requires photolithography facilities,

vapour deposition or spin coating, the achromatization that can be achieved depends on the

materials used and not total achromatization for the entire bandwidth is achieved.

The second technique uses computer generated holograms (CGH). In this case, the transmis-

sion gratings have a dislocation that generates the vortex and are usually printed on transpar-

ency or recorded in photographic film [13].

The efficiency of such amplitude masks is low, 6%, but may be increased by applying them a

bleaching process [14] or generating patterns directly on LCD [15]. The main disadvantage of

this type of dislocation gratings is the low damage threshold, which does not allow its use with

high intensities. An interesting solution is the one proposed by Sacks et al. [16], which, using

the vortex generated with an amplitude mask, records a volume and phase hologram with a

reference plane wave, obtaining high efficiency elements.

To prevent the angular chromatic dispersion inherent to diffractive elements, a combination of

two gratings with two lenses may be disposed, so that the chromatic dispersion introduced by

Vortex Dynamics and Optical Vortices202



the grating with dislocation is compensated and the vortex generated is achromatic [17, 18].

Sola et al. [19] performed an assembly similar to that of Mariyenko et al. [17], replacing printed

or photographed gratings with volume holographic gratings. A holographic dislocation grat-

ing was achieved by the interference of a plane wave with a vortex generated by an amplitude

grating, by a procedure similar to that described by Sacks et al. [16]. The material used was

dichromated gelatin (Slavich PFG04), with which highly efficient gratings were achieved and

with a high damage threshold [20]. In this work, high-energy vortices were generated with a

femtosecond laser, so that non-linear vortex propagation effects in air could be observed. The

fundamental problem is the complexity of the assembly, which should include a vacuum

chamber between the two lenses to avoid non-linear effects in the beam concentration.

There are other solutions, such as those proposed by Martínez-Matos et al. [21], in which the

generation of femtosecond paraxial beams with a combination of only two volume gratings

separated by some distance is proposed. The disadvantage of this solution is that the separa-

tion of gratings introduces a temporal and a spatial chirp at the ends of the Gaussian intensity

profile. Atencia et al. [22] have recently developed a compact achromatic holographic vortex

generator design based on attached gratings, built from a CGH. The holographic element

obtained completely avoids the presence of spatial chirp across the beam intensity profile.

In this chapter the recording of volume holographic elements for the generation of vortices and

two achromatization techniques with different features will be explained. In all cases the

achromatism condition for a continuous bandwidth is met.

2. Basics on volume holography

2.1. Holographic recording and reconstruction

Holography is a method for recording the amplitude and phase of a wave Uoðx, yÞ (named

object wave) along with a reference coherent wave Urðx, yÞ on an intensity sensitive medium.

The recording of the interference of both waves is called a hologram and the object wave can be

recovered from it. The method consists of two stages: recording and reconstruction.

The complex amplitude at each point of the hologram is the sum of the amplitude of the two

waves,

Uðx, yÞ ¼ Uoðx, yÞ þUrðx, yÞ ¼ Aoe
−iφðx,yÞ þ Are

−iϕðx,yÞ (1)

so intensity will be given by

Iðx, yÞ ¼ Uðx, yÞ �U�ðx, yÞ ¼ UoU
�
o þUrU

�
r þUoU

�
r þUrU

�
o

¼ A2
o þ A2

r þ AoAre
−iφeiϕ þ AoAre

iφe−iϕ

¼ A2
o þ A2

r þ 2AoAr cos ½φðx, yÞ−ϕðx, yÞ�

(2)

It can be seen that the intensity varies harmonically with the phase difference. This intensity

pattern is recorded in a photosensitive medium, so its transmittance changes. Assuming the
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amplitude transmittance is linear with exposure of the recording material and that the inten-

sity of the reference wave is uniform over the holographic plate, the transmittance of an

amplitude hologram is given by

τðx, yÞ ¼ τ0 þ γfA2
o þ 2AoAr cos ½φðx, yÞ−ϕðx, yÞ�g (3)

where τ0 is the uniform transmittance due to constant exposure of the reference wave and γ is

the slope of the curve of transmittance versus exposure in the linear region. If the recorded

hologram is illuminated with a wave with wavelength equal to the one of the recorded

reference wave, the amplitude of the transmitted wave will be

Uiðx, yÞ ¼ Ur � τðx, yÞ
¼ ðτ0 þ γA2

oÞAre
iϕðx,yÞ þ γAoA

2
re

−iφðx,yÞ þ γAoA
2
re

iφðx,yÞe−i2ϕðx,yÞ

¼ U1ðx, yÞ þU2ðx, yÞ þU3ðx, yÞ
(4)

Due to the linearity of Maxwell’s equations each of the addends can be interpreted as an

independent wave. U1ðx, yÞ is the beam transmitted by the hologram; it is a replica of the

reference wave and corresponds to the 0 diffracted order.U2ðx, yÞ is a replica of the object wave

and corresponds to the +1 diffraction order. U3ðx, yÞ is similar to the object wave conjugate and

corresponds to the −1 diffraction order.

2.2. Volume phase holograms (VPH)

If a suitable material is used in the recording of the hologram, the intensity variations can be

translated into variations of the refractive index, so that a phase hologram is recorded. In phase

gratings, modulation of the refractive index is given by

nðx, yÞ ¼ n0 þ n1 sin ðK
!
� r
!
Þ (5)

where n0 is the average index, n1 is the amplitude modulation of the refractive index and K
!
is

the grating vector.

Consider a hologram region as shown in Figure 1. The holographic grating at this zone is

recorded with an object wave with wave vector k
!

o and a reference wave with k
!

r. The grating

vector is determined with K
!
¼ k

!

o−k
!

r, and the distance between planes of constant index is

Λ ¼ 2π=K.

According to the relationship between the thickness d of the emulsion and the spatial period Λ

of the grating thin holograms ðd ≤ΛÞ and volume ones ðd≫ΛÞ can be distinguished. While in a

thin hologram the three diffracted orders of Eq. (4) appear, in a volume hologram only

diffracted orders 0 and +1 (U1 and U2 terms of Eq. (4)) are obtained.

The criterion to determine whether a hologram is volume type is given by the Q parameter,

Q ¼
2πλd

n0Λ
2

(6)

where λ is the wavelength of the reconstruction beam. Avolume hologram is considered when

Q≥10.
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The main advantage of volume phase holograms (VPH) is that, for a given wavelength, it is

possible to get 100% of the incident light diffracted to +1 order. For this to happen the so-called

Bragg condition given by

2n0Λ sinθ0 ¼ λ (7)

must meet, where θ0 is the half angle between the wave vectors of the incident wave ρ
!

and the

diffracted wave σ
!

, as shown in Figure 2(a).

While the volume grating determines the energy performance, the surface grating determines

the geometric behaviour. So, if in the reconstruction step a wave whose propagation vector is ρ
!

reaches the hologram, the propagation vector σ
!

of the diffracted wave must meet the following

relationship:

σy ¼ ρy ±Ky (8)

The distribution of energy between σ
!

and ρ
!

waves at the exit of the medium depends on the

characteristics of the hologram itself and the conditions of reconstruction. The diffraction

efficiency η is defined as the fraction of energy of the incident wave that is diffracted by the

holographic grating.

If light hits the surface of the hologram at an angle other than θ0, or at θ0 but with a different

wavelength, the Bragg condition is not fulfilled. Diffracted wave σ
!

satisfies the geometric

condition (Eq. (8)), as seen in Figure 2(b). According to Kogelnik’s Coupled Wave Theory

[23], the efficiency when reconstructing transmission VPH near Bragg condition, is given by

Figure 1. Volume transmission grating with object and reference wavevectors k
!

o and k
!

r and grating vector K
!

. The planes

with constant refractive index, perpendicular to the grating vector, are marked with equal grey levels.
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η ¼ sin 2ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ν2 þ ξ2
p

Þ
1þ ξ2=ν2

(9)

where ξ, ν are dimensionless parameters defined as

ν ¼ πn1d

λ
ffiffiffiffiffiffiffiffi

crcs
p (10)

ξ ¼ ϑd

2cs
(11)

cr and cs are the so called obliquity coefficients; they are the z-component of the unit vectors in the

direction of ρ
!
and σ

!
, respectively. For transmission holograms, cs > 0. The parameter ϑ is called

phase shift and measures the deviation from the Bragg condition (Figure 2(b)). It is defined as

ϑ ¼ jρ!j2 − jσ!′j2

2jρ!j
¼ β2 −σ′2

2β
(12)

with σ
!′ ¼ ρ

! þ K
!

and β ¼ 2πn0=λ. If the Bragg condition is strictly fulfilled (monochromatic

light of wavelength λ reaches the hologram at an angle θ0), then ϑ ¼ 0 and ξ ¼ 0 and the

efficiency is

ηðϑ ¼ 0Þ ¼ sin 2ν (13)

A 100% efficiency can be achieved if the value of ν for the reconstruction wavelength λ is forced

to be π=2.

When the reconstruction conditions move away from the Bragg condition the ξ parameter

increases and the efficiency decreases. For polychromatic illumination (ultra-short pulses, for

example), Bragg condition can be fulfilled only for a certain wavelength. To analyse the effect

Figure 2. Wave vectors of the incident and diffracted waves and grating vector when the Bragg condition (a) is fulfilled

and when (b) it is not fulfilled.
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of this in the performance of the holographic element, a polychromatic reconstruction wave of

wavelength λ ¼ λ0 þ Δλ with an incident direction that meets the Bragg condition for λ0 is

considered. Usually it is assumed that Δλ≪λ0 [24] but for pulsed waves it is necessary to

consider a broad spectrum, so Δλ≈λ0. Taking into account this fact, a relation between the

diffraction efficiency (Eq. (9)) and the reconstruction wavelength λ can be obtained.

In ν parameter expression (Eq. (10)) only the wavelength changes, d does not vary and n1 can

be chosen to have 100% efficiency for λ0. The obliquity factors cr and cs depend on the direction

of illumination, determined with the Bragg condition for λ0, so both remain constant. From

these conditions,

π

2
λ0 ¼

πn1d
ffiffiffiffiffiffiffiffi

crcs
p ¼ cte: (14)

So, for a wavelength λ,

ν ¼ π

2

λ0

λ
(15)

For ξ parameter (Eq. (9)) it is necessary to expand ϑ from Eq. (12). Taking into account Figure 2

for an incident wave with angle θ0 that fulfils Bragg condition for λ0,

β2−σ′2 ¼ β2−ðρ! −K
!
Þ2 ¼ 2ρ

!
K
!
−K

2 ¼
¼ 2βK cos

π

2
−θ0

� �

−K
2 ¼ 2βK sinθ0−K

2 (16)

So the phase shift ϑ is

ϑ ¼ 2βK sinθ0−K
2

2β
(17)

From the Bragg condition for λ0 the following relationship is obtained,

2n0Λ sinθ0 ¼ λ0 (18)

Replacing Eq. (18) in Eq. (17) and substituting the expression of β,

ϑ ¼ K
2ðλ0−λÞ
4πn0

(19)

To have the widest possible diffracted spectrum a small angle between beams is used, and

wave vectors near the normal direction are chosen, so cs≈1, and ξ parameter (Eq. (11)) is

ξ ¼ K
2
dðλ0−λÞ
8πn0

(20)

Substituting the obtained values of ξ and ν in Eq. (9) the efficiency as a function of the

reconstruction wavelength for a broad spectrum (Δλ≈λ0) is obtained.
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A numerical simulation of the spectrum diffracted by a holographic grating has been carried

out with typical values for ultra-short pulses (λ0 = 800 nm) and for dichromated gelatin

Slavich PFG04 commercial plates [20] (d = 30 μm and n0 ¼ 1:52). In the volume hologram

limit, for Q = 10, a grating period of Λ ¼ 3:15 μm is obtained. The graph of efficiency vs.

reconstruction wavelength is shown in Figure 3. It can be seen that the efficiency is higher

than 90% for a band with ∆λ = �100 nm, so this type of VPH could be adequate for its use

with ultra-short pulses.

3. Vortex generation with holographic optical elements

A holographic vortex generation element is recorded by the interference of a plane (or spher-

ical) wave and a vortex beam. Since the recording is with monochromatic light, any of the

methods described in Section 1 can be used to generate this vortex object wave. For this work a

computer generated hologram (CGH) was chosen.

In order to generate the CGH, the interference between a plane wave (reference wave), with its

wave vector forming an angle α1 with the z-axis, and a vortex-carrying plane wave (object

wave), which propagates in the z-axis, is calculated. The reference plane wave at the hologram

plane can be expressed as

Urðx, yÞ ¼ e−i
2π
λ x sinα1 (21)

and the object vortex wave as

Uoðx, yÞ ¼ e−imθ (22)

Figure 3. Theoretical efficiency of a transmission VPH as a function of the reconstruction wavelength for λ0 ¼ 800 nm,

d ¼ 30 μm, n0 ¼ 1:52, Q = 10.
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where θ ¼ tan −1ðy=xÞ is the angular coordinate at the hologram plane. The intensity distribu-

tion on the CGH is given by

I ¼ jUr þUoj
2 ¼ 2 1þ cos

2π

λ
x sinα1 þmθ

� �� �

(23)

λ and α1 are chosen to obtain the desired spatial period Λ ¼ λ= sinα1. The intensity distribu-

tion is calculated with MatLab, binarized, and printed on paper with a laser printer to obtain a

grating with dislocation. Figure 4 shows a CGH calculated for m = 1.

The printed pattern is photographically reduced using a reflex camera with Kodak TMax100

film, obtaining an amplitude thin grating of 14.7 lines/mmwith a dislocation at the centre. This

CGH has high absorption, so it cannot be illuminated with a high-intensity laser, because it

could be damaged. Therefore the resulting film is contact-copied onto a commercial Slavich

PFG04 dichromated gelatin plate using incoherent light. After this complex procedure a thin

phase CGH is obtained. It can be illuminated with an intense laser, although multiple

diffracted orders are obtained and their efficiency is low (25%).

The CGH is used to generate the object wave for the recording of a VPH. The recording scheme

is shown in Figure 5. The beam of a Coherent Verdi 6 W CW laser emitting at 532 nm is

divided in two by means of a beam splitter BS. One of the beams is filtered and expanded with

a spatial filter and collimated with a lens L1, and acts as a plane reference beam. The other

beam is first filtered and expanded and then collimated with a lens L2, and illuminates the thin

phase CGH. The effects of bitmap resolution in the previous laser-printed CGH require to use

spatial filtering techniques to select the desired diffraction order and to avoid bitmap artefacts

[16]. The +1 diffracted order, containing the vortex, is selected, filtered and imagedwith magnification

Figure 4. Dislocated grating obtainedwith the interference of a plane wave and a vortex wave with topological chargem = 1.
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−f 4=f 3 onto the recording plate to cancel phase propagation terms by means of the 4-f processor

formed with lenses L3 and L4. Slavich PFG04 dichromated gelatin plates are used, following the

process described in [20] to obtain maximum efficiency at 800 nm. The two recording beams form an

angle of 10o, the minimum angle required to obtain a volume hologram (Q = 10) with the 30 μm-thick

PFG04 emulsion.

The recorded VPH presents an efficiency of 95% at 800 nm. The spatial period is Λ ¼ 2:93 μm

that corresponds to 340 lines/mm spatial frequency. The diffracted spectrum is shown in

Figure 6. It can be seen that the maximum efficiency appears for 800 nm, and the wavelength

Figure 5. Scheme of the recording setup of a volume holographic optical element with a vortex-carrying plane wave as

object wave.

Figure 6. Efficiency of the +1 diffraction order of the recorded VPH as a function of the reconstruction wavelength.
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range in which the diffractive efficiency is above 80%, is almost 200 nm. The holographic

material Slavich PFG04 has high damage threshold [25], so the recorded VPH can be used

with ultra-short and ultra-intense laser pulses.

In Figure 7, the Fourier transform of the vortex generated by the VPH when illuminated with a

CW laser beam of 800 nm is shown.

4. Holographic generation of achromatic vortex beams

A disadvantage of using the previous holographic optical element to generate vortex beams

with ultra-short pulses is the chromatic dispersion. As we have seen, the VPH can work

properly in a spectral range of around 200 nm, but the direction of the diffracted vortex beam

depends on the wavelength, so the vortex beam presents an important spatial chirp, as it is

shown in Figure 8.

This problem can be overcome by designing an achromatic set-up in which the chromatic

dispersion of the vortex beam is compensated by using a volume holographic plane grating

(HI) with the same spatial frequency as the vortex generator VPH (HII).

HI is recorded with two plane waves of wavelength λ
0 that propagate forming an angle αo and

αr with z-axis, so the complex transmittance of the grating (Eq. (3)), considering a phase

hologram, is proportional to

Figure 7. Fourier transform of the vortex generated by the VPH when illuminated with a CW laser beam of 800 nm.
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τIðx, yÞ ¼ 1þ
1

2
ei

2π
λ0
x ð sinαr− sinαoÞ þ

1

2
e−i

2π
λ0
x ð sinαr− sinαoÞ (24)

HII is recorded with the interference of a plane wave, forming an angle αr with z-axis, and a

vortex beam forming an angle αo with z-axis, so the complex transmittance of HII is given by

τIIðx, yÞ ¼ 1þ
1

2
ei

2π
λ0
x ð sinαr− sinαoÞþmθð Þ þ

1

2
e−i

2π
λ0
x ð sinαr− sinαoÞþmθð Þ (25)

4.1. Achromatization with separated elements

The first approach to combine these two VPH is proposed by Sola et al. [19] based on a

solution with printed gratings suggested by Mariyenko et al. [17]. HII is located at the plane

where a positive lens (L1) forms the image of the grating HI in a 2f-2f configuration, as shown

in Figure 9.

If we consider that HI is illuminated with a polychromatic plane wave with a Gaussian spatial

profile, Ucðx, yÞ,

Ucðx, yÞ ¼

ð∞

−∞

uðλÞe−
ðx2þy2Þ

w2 e−i
2π
λ
x sinαcdλ (26)

where uðλÞ is the wave spectrum and w is the half wide of the Gaussian beam, then the wave

emerging from HI, Ui, Iðx, yÞ, can be expressed as

Figure 8. Chromatic dispersion of the vortex generator VPH described in Section 3.

Figure 9. Scheme of the experimental set-up for generating vortices with separated holographic elements.
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Ui, Iðx, yÞ ¼ UCðx, yÞ � τIðx, yÞ ¼

¼

ð

∞

−∞

uðλÞe−
ðx2þy2 Þ

w2 e−i
2π
λ
x sinαcdλþ

þ
1

2

ð

∞

−∞

uðλÞe−
ðx2þy2Þ

w2 e

−i

(

2π
λ
x sinαc−

λ

λ0
ð sinαr− sinαoÞ½ �

)

dλþ

þ
1

2

ð

∞

−∞

uðλÞe−
ðx2þy2Þ

w2 e

−i

(

2π
λ
x sinαcþ

λ

λ0
ð sinαr− sinαoÞ½ �

)

dλ ¼

¼ U1, Iðx, yÞ þU2, Iðx, yÞ þU3, Iðx, yÞ (27)

U1, I is the transmitted order; U2, I and U3, I are the +1 and -1 diffracted orders, respectively. In

the case of volume holograms, only one of these orders is diffracted, depending on the αC

value. In this case, the order efficiently diffracted by the VPH is U2, I , which is a set of

polychromatic plane waves with a Gaussian spatial profile. The direction of propagation of

each wavelength, αi, is a function of λ,

sinαi ¼ sinαc−
λ

λ
0 ð sinαr− sinαoÞ (28)

Considering L1 as an ideal lens, the complex amplitude at the image planeU
0

2, Iðx, yÞ is given by [26]

U
0

2, Iðx, yÞ ¼
1

jMj
U2, I

x

M
,
y

M

� �

(29)

whereM is themagnification. In this case, as the lens L1works in a 2f-2f configuration,M ¼ −1, so

U
0

2, Iðx, yÞ ¼
1

2

ð

þ∞

−∞

uðλÞe
−ðx2þy2Þ

w2 ei
2π
λ
x sinαc−

λ

λ0
ð sinαr− sinαoÞ½ �f gdλ (30)

U
0

2, I illuminates the second hologram HII, so the amplitude distribution that leaves HII is

Ui, II ¼ τIIU
0

2, I ¼ U1, II þU2, II þU3, II (31)

The term U2, II is the efficiently diffracted order, and is given by

U2, II ¼
1

2

ð

þ∞

−∞

uðλÞe
−ðx2þy2Þ

w2 ei
2π
λ
x sinαcþmθf gdλ (32)

U3, II is an achromatic vortex without chromatic dispersion, as the direction of the propagation

does not depend on the wavelength.

A second lens L2, with the same focal length as L1, is placed just in front of or behind HII,

restoring the phase of the propagating beam into a plane wavefront. The VPH to generate
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the vortex beam has been recorded with a plane wave as a reference wave, so placing the

lens L2 in front of HII (as it is shown in Figure 9) provides a reconstruction plane wave,

which assures the reconstruction of the vortex beam with no geometrical aberrations.

Depending on the intensity of the pulses, the use of a vacuum chamber between the two

lenses could be necessary to avoid non-linear effects in the focalization produced by the

lens L1.

4.2. Achromatization with a compact element

The second approach was proposed by Atencia et al. [22]. In this case both holographic

elements HI and HII are placed parallel to each other, as it can be seen in Figure 10.

If HI and HII are separated (Figure 10(a)), the Gaussian profile of the incident beam is kept in

the propagation between HI and HII, but the different wavelengths are spatially separated and

de-phased when they reach HII. A set of vortices emerges from HII, all with the same topolog-

ical charge m forming the same angle with the z-axis. The position of the vortex is the same for

all wavelengths, but the Gaussian distribution is spatially shifted for each wavelength.

If the two VPH are placed together, as in Figure 10(b), the amplitude distribution that reaches

HII is U2, I , so the distribution that leaves HII is

Ui, II ¼ τIIU2, I ¼ U1, II þU2, II þU3, II (33)

where, in this case, U3, II is the order that is diffracted efficiently and is given by

U3, II ¼
1

2

ðþ∞

−∞

uðλÞe
−ðx2þy2 Þ

w2 e−i
2π
λ
y sinαcþmθf gdλ (34)

Figure 10. Double-grating vortex generator. (a) Separated VPH, (b) compact VPH.
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U3, II is a set of vortices emerging from HII, all with the same topological charge m and forming

an angle of αc with the z-axis.

In the construction of this compact VPH, the recording scheme for HI is similar to that shown

in Figure 5 by replacing the vortex wave with a collimated wave. The angle between beams

has to be the same for HI and HII to guarantee the chromatic compensation. For a simpler

alignment procedure, the recording geometry for HI and HII is chosen to give Bragg condition

at 800 nm for an angle αc ¼ 0.

After processing, HI and HII are cemented to each other, using Norland NOA61 optical adhesive

between the two emulsions. This ensures that no change in the refraction index between the

holograms occurs and preserves the emulsion from degradation effects of the environment.

When illuminating each VPH at Bragg angle for 800 nm, the maximum efficiency obtained is

approximately 95%, so the sandwich has a total maximum efficiency of 90%. Reflection on

glass surfaces and glass absorption causes losses of about 15%, so the compound holo-

graphic element reaches an absolute efficiency of 77%. When λ moves away from 800 nm,

this efficiency decreases. For the compound element, Figure 11 shows the wavelength

dependence of the diffractive efficiency. It can be observed that the full width at half maxi-

mum (FWHM) covers 250 nm, and the diffracted efficiency is above 80% for a wavelength

range of 100 nm.

For wavelengths different from 800 nm the diffractive efficiency drops and the transmitted

light increases, so the transmitted and diffracted light can spatially overlap for some wave-

lengths. To prevent this, HI is slightly rotated around the z-axis before joining the two holo-

grams. So, the transmitted and diffracted beams emerge from HII with different directions, but

the efficiency is not affected.

Figure 11. Dependence of the diffractive efficiency of the compact VPH with the wavelength.
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Figure 12(a) and (b) demonstrate that the compound element generates a broadband achro-

matic optical vortex. A 5 mm-wide white light vortex can be seen in Figure 12(a), when

illuminating the compact VPH with a tungsten light source (Ocean Optics LS-1) with 600 nm

FWHM centred at 850 nm. The photograph was taken at 1 m propagation from the element

output. Figure 12(b) shows the interference of transmitted and diffracted light. To obtain an

appreciable intensity on the transmitted beam, the holographic element is illuminated out of

Bragg condition. The dislocation of the interference pattern is clearly visible at the centre of the

image.

This compact vortex generator holographic element is very easy to align and avoids pulse

concentration zones, so for ultra-intense pulses the use of a vacuum chamber is not required.

5. Applications of vortex volume phase holograms to ultra-fast optics

Once the recording process of a vortex generating VPH has been reviewed, and the two

solutions for the vortex achromatization have been described, in the following section we will

comment some of the characteristics of the generated vortex and some possible applications

using femtosecond high power pulses. The achromatization of the VPH is very attractive from

the point of view of ultra-short pulses, which present broadband spectra, allowing the gener-

ation of short vortex pulses with high peak power [19]. The main limitation to obtain shorter

pulses is the spectral bandwidth of the hologram; however, the present performance allows the

generation of ultra-short vortex beams (e.g., compact vortex VPH is compatible with few

tenths of fs pulses).

One of the first questions arising is what the spatiotemporal structure of the vortex looks like.

In the literature, fs pulse vortices generated by spiral phase masks have been characterized by

using spatially resolved interferometry [27]. In the case of the compact VPH, when studying

spatial pattern of interferences in a similar way, a peculiar behaviour was observed. Figure 13

shows the interference pattern between two replicas of the laser beam (pulses of 100 fs FWHM,

central wavelength at 795 nm), obtained at a Mach-Zender interferometer. One of the beams

passed through a topological chargem = 1 compact VPH, while the other arm acted as a spatio-

Figure 12. White light vortex. (a) Propagated at 1 m, (b) interference with a plane wave.
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temporal reference. As expected, fork-like interference pattern appears when both optical

paths of the interferometer match, disappearing otherwise. However, a spatial evolution of

the interference region is observed. Starting from a situation of unbalanced optical path length

of each interferometer arms, with no visible spatial interference pattern, the time delay

between the vortex pulse and the reference one is gradually reduced. When the pulse distance

becomes within the coherence length, spatial interferences arise, but localized in a spatial

region (Figure 13(a)). Reducing the arm difference increases the contrast of the interferences

but it also shifts them in the diagonal direction (Figure 13(b)–(d)). Finally, when the optical

path mismatch increases again, interferences disappear, located on the opposite region of the

beam profile (Figure 13(d) and (e)). This time dependence of interference spatial regions shows

that the vortex beam is generated with a pulse tilt. According to the experimental result, the tilt

could be quantified around 40 fs/mm in the direction of the VPH incident beam-vortex

mismatch (induced, as commented in 4.2 by the small rotation of HI related to HII in order to

avoid overlapping between transmitted and diffracted beams). Similar results were obtained

using pulses of 25 fs FWHM.

Although this pulse tilt is small and for the most of applications it plays no relevant role (e.g.,

in the following non-linear interaction cases presented in this section no relevant effect has

been observed), it is important to be aware of its existence. One way of reducing it would be to

better match transmitted-diffracted beam directions. Nevertheless, if some of the incident

beam is transmitted through the compact VPH, it may interfere with the vortex beam. On the

Figure 13. Interference patterns between anm = 1 vortex beam generatedwith the compact VPH described in Section 4.2 and

a collimated Gaussian beam, presenting a small angle between them. The interference region varies as the relative interfer-

ometer arm delay changes (time shift between arms: 0 fs (reference) (a); 67 fs (b); 133 fs (c); 266 fs (d); 400 fs (e); 533 fs (f)).
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other hand, it has recently been shown that controlled pulse tilts can be a tool to induce

interesting effects, such as the so-called attosecond lighthouses [28]. Therefore, the ability of

imprinting controlled spatiotemporal alterations on the VPH may have potential applications.

One of the main advantages of using the compact VPH consists on the possibility of creating a

high power vortex quite easily. The set-up for generating the high power vortices is simplified

to the point of making the ultra-short pulses pass through it, while orienting the VPH in the

proper angle, defined by the recording configuration. Since the element presents a high dam-

age threshold of, at least, hundreds of GW/cm2 [19], the incident pulse peak power can be high,

allowing to generate high-power vortices because of the high efficiency of the VPH. Therefore,

it makes it possible to induce non-linear effects on the vortex beams while propagating though

a certain medium.

In order to explore the potential of VPH creating high intensity femtosecond vortices, different

experiments have been performed. Firstly, using the achromatic set-up described in Section 4.1,

the dynamics of vortices at different intensity regimes were studied [19], analysing the evolu-

tion of the spatial distribution of the light along propagation after passing through a focusing

lens (f = 2.2 m). While working on low-intensity regime (linear regime), the vortex maintains its

structure at focus and after it, remains stable. However, for high intensity regime the dynamics

varies, as shown in Figure 14. The vortex structure, unaltered in the first centimetres of the

focusing propagation, begins to be affected by the non-linear propagation. Just before the

focus, because of the Kerr effect driven self-focusing, the vortex splits into two fragments. It is

intriguing to observe how the two splinters rotate along the optical axis as the beam propa-

gates, following a spiralling path. When the beam diverges, away from the focal region, the

splinters stop from rotating. This behaviour can be explained as an effect of angular momen-

tum conservation. Numerical calculations [19] were carried out from (2+1)-dimensional

numerical simulations based on solving the non-linear Schrödinger equation including Kerr

effect, as described in Ref. [29]. Agreement between theory and experiments shows the major

role of the Kerr effect on the dynamics, since other possible players (as ionization) were not

included on the calculations.

Figure 14. Spatial beam profile evolution of 14 GW vortex focused by an f = 2.2 m convergent lens.
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An increase of beam intensity would involve utterly medium ionization. Then, light propaga-

tion may become even more complex, being the result of the interplay between effects compet-

ing for focusing or unfocusing the beam (e.g. Kerr effect will introduce focusing on the beam,

while ionization makes the opposite). This may produce what is called filamentation [30],

exhibiting a self-guiding of the beam because of the balance between linear regime light

propagation and the different non-linear effects raised from interaction with the medium.

Splitting and filamentation of the vortex fragments have been observed for high enough

intensities (e.g., 14 GW vortices propagating in a tube filled with nitrogen at a pressure of

1600 mbar [19]).

In the last decades, an extremely non-linear process known as high order harmonic generation

(HHG) has become a hot topic and the basis of the new discipline called Attoscience [31]. This

process rises from the interaction of intense light and matter and enables to obtain harmonic

frequencies of the driving radiation well inside the ultraviolet spectral region (known as

extreme ultraviolet, or XUV) or even the soft X-ray region [32]. In the case of interaction with

gases, it can be interpreted as a three-step process [33, 34], starting with matter ionization,

freeing an electron (typically in tunnelling regime). In a second step, the electron is accelerated

by the intense electromagnetic field of the pulse. Finally, depending on the electric-field phase,

the electron may return towards the parent ion, recombining and emitting the accumulated

energy (kinetic energy plus the ionization potential) as a photon. This XUV radiation inherits

coherence from the generating beam, while showing a peculiar temporal emission pattern, a

train of sub-femtosecond pulses. It can be eventually reduced to a single XUV burst by means

of few cycle driving pulses and gating techniques [35–37]. This kind of extremely short light

sources is an unprecedented tool for studying fast dynamics, as molecular or electronic [31].

Within this context, during the last years, special attention is being devoted to the HHG of

pulses with orbital angular momentum (OAM), as vortices. The first experimental work

showing the generation of XUV vortices from IR ones was reported on 2012 [38]. The measure-

ments of the topological charges of the different harmonic yielded unexpectedly a constant

charge m = 1 (coming from the same charge in the driving field), independent of the harmonic

order. The authors explained this discrepancy as caused by vortex decay during the non-linear

process. Later, numerical simulations [39] predicted topological charge scaling with the order

of the harmonics and subsequent experiments [40] confirmed this point.

The basis of HHG and its use for the generation of XUV beams exhibiting OAM are

analysed in depth in another chapter of this book [41]. Here we will focus on the use of

vortex generating compact VPH in HHG experiments. In the pioneering experimental

studies [38, 40], the OAM driving beam was obtained from a 30 fs pulsed beam and m =

1 topological charge was imprinted by means of a spatial light modulator (SLM) but using

two different ways. In the case of Zürch et al. [38], the reflective SLM was used to imprint

the AOM in a spiral phase mask way, introducing diphase of the wavefront phases

azimuthally dependent. On the other hand, Gariepy et al. [40] used the SLM for creating

a fork type diffraction pattern, i.e. presenting dislocation introducing the topological

charge. In order to compensate the first order angular dispersion, a long period-grating

pattern was used. This way of generating vortices allows to imprint the same topological

charge to all the wavelengths, in contrast with the spiralling phase mask procedure that,
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as shown in Ref. [27], produces topological charges depending on the wavelength, being

even not an integer.

Therefore, the case of Gariepy et al. [40] is quite similar to the way the compact VPH

generates the vortices, with a dislocated grating and a second non-dislocated grating to

suppress angular dispersion. The main difference lays on the fact of using a SLM element or

a holographic plate. While the former is more flexible and dynamic, the compact VPH is a

more robust and cheaper element, presenting a simpler alignment.

Then, in order to explore its potential, we tested the compact VPH in a HHG experiment. The

experimental set-up is shown in Figure 15. A 25 fs pulsed beam up to 2 mJ per pulse (1 kHz

repetition rate, spectrum centred on 790 nm) is focused by means of a f = 50 cm spherical Ag

mirror into an Ar gas jet on vacuum (10-3 mbar of residual pressure when the gas jet is

operating). After light-matter interaction, radiation passes through a 4 mm long slit to a

Rowland circle spectrometer (Model 248/310G, McPherson Inc.), using a 1 m radius spherical

grating (133 lines/mm). A 150 nm Al filter just after the slit absorbs the fundamental radiation

and lower harmonics, up to the 11th. The compact VPH was placed before the focusing

element, creating the AOM beam. Because of the physical dimension of the set-up and XUV

beam divergence, the size of the harmonic vortices was bigger than the slit dimensions. There-

fore, several measurements were performed, shifting the height of IR beam and gas jet referred

to the slit position. Figure 16 shows the combined spectra for different divergence angle. The

result shows annular distribution of the harmonics, with a minimum of intensity in the centre

(divergence 0 mrad) and a ring around 3-6 mrad. Although no measurement concerning

topological charge has been performed, results are compatible with the obtained at [40].

In summary, the compact VPH [22] is a simple, cheap and robust element for generating high

power AOM beams. Their achromaticity allows the generation of pulsed vortices down a few

tenths of fs and their high damage threshold permits to obtain high peak powers. High power

vortex generated by this way are able to interact non-linearly with material, producing effects

from Kerr effect and filamentation to HHG.

Figure 15. HHG experimental set-up for generating XUV. A 25 fs pulsed beam passes through the compact VPH

(Holographic plate), creating an m = 1 vortex. The beam is focused by means of a spherical Ag mirror (f = 0.5 m) on an

Ar gas jet, where HHG occurs. XUV radiation is filtered by an Al filter and spectrally analysed using a Rowland circle

spectrometer (Model 248/310G, McPherson Inc.) including an spherical diffraction grating (133 lines/mm), and a detector

composed by a micro-channel plate (MCP), a phosphor screen (PS) and a CCD camera.
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