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We present a compact design to generate and test optical-vortex beams with possible applications in the extreme
ultraviolet (EUV) region of the electromagnetic spectrum. The device consists of a diffractive mask where both the
beam with orbital angular momentum and the reference wavefront to test its phase are generated. In order to show
that the proposal would work in the EUV, simulations and proof-of-principle experiments were performed, using
typical parameters for EUV holography scaled to visible wavelengths. As the simplest case, we consider the well-
known Laguerre–Gaussian (LG)-like beams, which have a single vortex in the propagation axis. To further test the
versatility of the device, we consider Mathieu beams, more complex structured beams that may contain several
vortices. In the experiment, a spatial light modulator was used to display the mask. As examples, we show the
results for a LG-like beam with topological charge l � 1 and Mathieu beams with topological charge l � 2 and
ellipticity q � 2. These results show the potential of the device to generate a variety of beam shapes at EUV
wavelengths. © 2017 Optical Society of America
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1. INTRODUCTION

Extreme ultraviolet (EUV) compact light sources covering the
range of wavelengths from 10 nm to 50 nm, have been proven
to be successful not only for basic research but also for a
wide variety of applications. Some examples are the characteri-
zation and processing of materials [1–3]; techniques for
high-resolution metrology [4,5]; studies in atomic physics,
photochemistry, and photophysics [6,7]; biological imaging
[8–12]; the diagnosis of very-high-density plasmas [13–15];
the study of nonlinear phenomena [16,17]; and even integrated
circuit nanolithography [18].

Since the invention of the laser, all different applications that
use laser beams have specific demands on beam shape, includ-
ing intensity or phase distribution, polarization, momentum,
and propagation properties. It has been shown that a sharper
focus can be obtained for a radially polarized beam [19] with
improvement in laser cutting [20]. Nano needle fabrication by
ablation was also shown to be improved by using vortex beams
instead of a regular doughnut-shaped beam [21], with the extra
advantage of reducing the debris.

Although beam shaping is routine at visible wavelengths, it is
not as well established at the EUV region of the spectrum, as its
implementation is more complex due to the lack of refractive

optics. This deficiency, produced by the high absorption in
any material makes EUV experiments to exploit the use of
reflective optics at grazing incidence or diffractive optics (binary
elements, Fresnel zone plates, or gratings). One example of beam
shaping, although indirect, is the circularly polarized harmonics
[22]. Also, spiral zone plates have been used for phase-sensitive
microscopy using synchrotron radiation [23]. Nevertheless,
the implementation of beam-shaping strategies with EUV
lasers could have high impact in applications such as imaging,
lithography, and ablation, where the combination of beam
shaping with a short wavelength could lead to improving spatial
resolution.

Among the large variety of beams that are nowadays known,
optical-vortex (OV) beams have recovered great importance for
their wide range of applications as optical traps [24], quantum
simulation algorithms with classical light [25], spectroscopy
[26] and to study atmospheric turbulences [27]. Despite
these, some of the applications mentioned above could benefit
from using both short wavelengths and a vortex beam. An
EUV OV beam, could reduce significantly the size of micro-
machined elements [21]. It can also be important in plasma
diagnosis, where EUV wavelengths have the advantage that
they can penetrate plasmas with electron densities approaching
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solid density [13,14], or to implement an EUV vortex-beam
plasma diagnosis technique that could be used for laser
Doppler spectroscopy [28].

A vortex in an optical field is a singularity where the phase is
not defined. This singularity is maintained as the field propa-
gates, and it is seen as a point singularity in the transverse cross
section of the beam. The well-known Laguerre–Gaussian (LG)
beams are solutions of the paraxial wave equation in cylindrical
coordinates with a single phase singularity, around which the
phase changes as an integer multiple l of 2π, where l is also
known as the topological charge. A vortex beam with topologi-
cal charge l carries orbital angular momentum lℏ, with ℏ the
reduced Planck constant. Mathieu beams satisfy the Helmholtz
equation in elliptical coordinates. They exhibit multiple vorti-
ces, depending on its ellipticity. In contrast to LG, Mathieu
beams are non-diffractive, which makes them very important
in applications such as lithography and imaging [29–31].

The techniques to generate beams with orbital angular
momentum (OAM) are relatively easy to implement at visible
wavelengths with the use of phase or amplitudemasks, including
spatial light modulators (SLMs). Since the pioneer papers in the
1990s, several designs and applications have been reported; see,
e.g., [32]. Among the techniques used to generate vortices, we
can cite two of the most frequently used: one of them is to
modify directly the wavefront (in amplitude and phase) and
the other is to generate a hologram and obtain the vortex beam
in its reconstruction. Regarding the first way of generation, as it
was mentioned before, due to the great absorption of most
materials at EUV wavelengths, it is not possible to fabricate re-
fractive optics. Some proposals of x rays have been developed
employing phase plates fabricated with sophisticated techniques
such as ablation [33,34] and where an independent setup is used
to study the phase interferometrically [35]. The second tech-
nique has the advantage that EUV holograms can be represented
in binary media without a significant loss of information. These
kinds of binary elements are feasible to fabricate, placing them as
attractive candidates for generation of OV in the EUV.

In order to test the beam’s vorticity, an interferometric setup
is required. In general, this is accomplished by means of inter-
ferometers, e.g., Michelson or Mach–Zehnder architectures.

In this work, we present a compact device to generate and
test beams with OAM for its applications in the EUV region of
the spectrum. The device consists of a binary mask that con-
tains the necessary information to generate the OV itself and a
reference wavefront to test its phase. Our proposal avoids the
use of extra optical elements and simplifies the processes of test-
ing as well as of alignment of amplitude division interferome-
ters in the EUV. We demonstrate the device performance and
versatility by a combination of numerical analyses and proof-of-
principle experiments at visible wavelengths using an SLM. We
first consider the generation and measurement of the simple—
but very practical—case of LG-like beams, and then the more
complex case of Mathieu beams. Our results strongly suggest
that the device can be easily used to produce and measure any
beam shape generated by a binary Fourier hologram. In
Section 2, we describe the computer-generated holograms
(CGHs) used to produce the vortex beams, and in Section 3,
we show the mask to generate and test the vortex beams.

Numerical simulations are presented in Section 4, and the
experimental results are shown in Section 5.

2. CGH FOR GENERATING ORBITAL ANGULAR
MOMENTUM BEAMS

A. LG-Like Vortices
The spatial dependence of a first-order LG beam that propa-
gates in the z direction can be expressed as

ELG�r; θ; z� � Al
0�r; z�eilθeikz z ; (1)

where �r; θ; z� are cylindrical coordinates related to the
Cartesian system �x; y; z� by r�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�x2� y2�

p
, θ� tan−1� y∕x�,

and z � z, l is an integer number, and kz is the wavenumber.
The factor eilθ in equation (1) gives the characteristic helicity to
the wavefront, with a topological charge l. The modulus of l
indicates the number of intertwined helical surfaces and the
sign its handedness. Al

0�r; z� is the amplitude distribution given
by [36]
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where R�z�, ω�z�, and φ�z� are the radius of curvature,
the evolving beam width, and the Gouy phase of the beam,
respectively.

Usually LG-like vortices are created by using fork holograms,
which are obtained from the interference of a spiral phase and a
plane wave. Although these kinds of holograms do not produce
the exact LG radial profile [Eq. (2)]—and for this reason we call
them here LG-like beams—the holograms convey the correct
helicity to the beam [37,38]. These kinds of beams are com-
monly known as Kummer beams [38]. The fork Fourier holo-
grams are obtained from the interference of a plane wave and a
vortex given by ψ1�θ; z� � A1eilθeikz z, with A1 a constant am-
plitude. A plane wave of amplitude A2 that propagates in the xz
plane can be written as ψ2�x; z� � A2eikxxeikz z , where kx (kz ) is
the component of the wave vector in the direction x�z�. The
normalized intensity of the interference pattern is given
by I � jA2

1 � A2
2 � 2A1A2 cos�lθ − kxx�j∕�A2

1 � A2
2�. Given

that both the LG beam and its Fourier transform have the same
spiral phase, the fork hologram can be thought as an object-
phase hologram or as a Fourier-phase hologram. It should be
noted that the far-field condition is easily obtained at a shorter
wavelength such as EUV, and then it is adequate to consider
Fourier holograms for EUV beam shaping. In Fig. 1(a), we show
the spiral phases corresponding toOAMbeams (and the phase of
their Fourier transforms) withl � 1; 2; 3. The phases (modulus
2π) are shown in grayscale where black represents 0, and white
represents 2π. The phase at the center of the wavefront is not
defined, and the line indicates the change in 2π. In Fig. 1(b),
we show the binarized fork holograms where the typical
bifurcations at the central groove are clearly seen.

B. Mathieu Vortices
Mathieu beams are solutions of the Helmholtz equation in
elliptic cylindrical coordinates �ξ; η; z�, that are related to
the Cartesian coordinates by x � h cos�η� cosh�ξ�, y �
h sin�η� sinh�ξ�, and z � z, where ξ ∈ �0;∞�, η ∈ �0; 2π�,
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and z ∈ �−∞;∞�. In these coordinates, a constant value of ξ
defines ellipses, and a constant value of η defines hyperbolas.
The parameter h is the position of the foci of these surfaces,
located at −h and h in the x axis. The elliticity of the beam
is defined as q � kth2∕4, where kt is the transverse component
of the wave vector. Both wave vector components, transversal
�kt� and longitudinal (kz ), are related to the modulus of
the wave vector by k2 � k2t � k2z. The electric field [39] that
describes a Mathieu beam is given by

El�η; ξ; z; q� � �Al�q�Jel�ξ; q�cel�η; q�
� iBl�q�Jol�ξ; q�sel�η; q�� exp�ikzz�; (3)

where Jel�ξ; q� and Jol�ξ; q� are the radial even and odd
solutions, respectively; cel�η; q� and sel�η; q� are the angular
even and odd solutions of Mathieu’s equation, respectively;
and similar to the LG-like vortex beam, l is the topological
charge. As it has been proved by Chávez-Cerda et al. [39],
in the case of l ≥ 2 and q ≤ l2∕2 − 1, the evaluation of
the coefficients Al�q� and Bl�q� yields Al�q� ≈ Bl�q�.
Considering Eq. (3) and assuming z � 0, the amplitude
jEl�η; ξ; z � 0; q�j and the phase φl�η; ξ; q� of the electro-
magnetic field can be written as follows:

jEl�η; ξ; z � 0; q�j
� Al�q�f� Jel�ξ; q�cel�η; q��2 � �Jol�ξ; q�sel�η; q��2g12
φl�η; ξ; q�
� arctan�Jol�ξ; q�sel�η; q�∕Jel�ξ; q�cel�η; q��: (4)

The Fourier hologram is computed from the interference
between the electromagnetic field distribution at z � 0 and
a plane wave.

As an example, in Fig. 2, we show the Mathieu beam for
l � 2 and q � 2. Figure 2(a) shows the amplitude and phase
distribution where, in contrast to the case of LG-like beams
(Fig. 1), a set of vortices is clearly seen in the magnified view
of the phase distribution. In Fig. 2(b), the fast Fourier trans-
form is represented. The phase (modulus 2π) is shown in
grayscale, where black represents 0, and white represents 2π.

For the case of the Fourier spectrum, the amplitude is mainly
distributed over an annular ring, as can be observed in Fig. 2(b).
The binarized version of the Fourier hologram is shown in
Fig. 2(c).

3. DEVICE DESCRIPTION AND NUMERICAL
SIMULATIONS

To generate and test with a single setup a beam carrying OAM,
we propose a device containing a mask that has in the same
plane a binary Fourier hologram of a vortex beam and a laterally
displaced pinhole. This would be very useful for testing the
correct generation of the beams, since, e.g., a failure in mask
construction or misalignment could cause deviation from the
desired beam. Figure 3 presents the geometrical design of the
mask, which consists of a pinhole and a CGH laterally dis-
placed. The vortex beam is generated at the far field plane
of the mask, and it would be observed by blocking the pinhole.
To characterize the beam phase, it is necessary to produce an
interference pattern, which can be accomplished by unblocking
the pinhole. Using this mask, the experiment can be done by
using only a Fresnel zone plate as an extra optics, minimizing
the number of elements required in the experiment and maxi-
mizing its throughput. The design of the device is based on the

Fig. 2. (a) Representation of the amplitude and phase for a Mathieu
beam with topological charge l � 2 and q � 2. (b) Fourier transform
of (a). (c) Binarized Fourier hologram.

Fig. 1. (a) Phase mask and (b) binary fork holograms for a topo-
logical charge value l � 1; 2; 3.

Fig. 3. Schematic of the mask composed by a pinhole and a binar-
ized amplitude hologram.
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concept of point diffraction interferometry, and a similar idea
was used by Monserud et al. [40] to study the oscillatory
dynamics of cantilevers, through EUV holography.

In practice, the throughput ratio between the two parts of
the mask (pinhole and hologram) should be considered to
obtain good visibility on the interference pattern. In order
to get more light through the pinhole, Monserud et al. [40]
used a binary zone plate as a beam splitter to generate an intense
reference beam and illuminate the hologram. The laser beam is
focused on the pinhole using the first-order focus of the binary
zone plate. This allows us to have high intensity through the
pinhole and filter the higher diffraction orders at the zone-plate.
The central opening in the zone plate allowed the incident
beam to directly illuminate the object with an almost plane
wavefront. The same scheme of illumination could be used
in this setup to obtain good visibility.

Figure 4(a) shows the mask to generate the LG-like vortex
beam with topological charge l � 1. In this case, the classical
doughnut beam profile would be observed in the far field by
covering the pinhole. In Fig. 4(b), numerical results of the
reconstruction of the binary hologram shown in Fig. 4(a)
are plotted. At the center of orders �1 and −1, a zero-intensity
point is visible, indicating the possible existence of a vortex in
the propagation axis. However, to completely characterize the
beam wavefront, it is necessary to determine its phase, which is
done by interfering the vortex with a reference beam. In our
proposal, the reference wavefront would be produced when
light is diffracted at the pinhole. The bifurcation in the inter-
ference pattern in Fig. 4(c) unambiguously indicates the exist-
ence of a phase singularity at the propagation axis. The number
of bifurcations is related to the topological charge of the beam;
in this case, l � 1 yields one bifurcation.

Figure 5(a) shows the mask for the reconstruction of
Mathieu beams, in the case of l � 2 and q � 2. In Fig. 5(b),
the diffracted orders are shown when the pinhole is blocked,
and in Fig. 5(c), the interference pattern obtained unblocking

the pinhole can be observed. The mask reproduces the ampli-
tude distribution, as seen in Fig. 2(a). A direct comparison with
the phase distribution shown in Fig. 2(a) is not possible, since
Fig. 5(c) presents the interference between the Mathieu beam
and the output of the device pinhole. However, fork-like
bifurcations are clearly distinguishable, which, in connection
to the well-known result of Fig. 1(b) for LG beams, indicates
the existence of singularities in the output beam from the
Mathieu reconstruction mask. Moreover, we will see in
Section 4 that the simulations are in good agreement with
the experiment.

4. PROOF-OF-PRINCIPLE EXPERIMENT AT
VISIBLE WAVELENGTHS

Due to the great complexity involved in making experiments at
EUV (high absorption and only vacuum propagation), it is a
usual practice to scale experiments to visible wavelengths to ex-
perimentally proof their performance. We designed the device
for visible wavelengths, using the scaled dimensions that would
be used in EUV, and we used a SLM to display the mask. As it
was mentioned before, the light throughput from the pinhole
and hologram should be about the same to obtain good visibil-
ity on the interference pattern. Following the idea used in
Monserud et al. [40] where a Fresnel zone plate is used to
simultaneously illuminate the pinhole and the object whose
hologram will be produced, and taking the advantage of
SLMs to display different objects simultaneously, we used a
Fresnel zone plate in place of the pinhole. Choosing an ad-
equate focal distance, the zone plate produces in the far field
the same effect that the pinhole.

The experimental verification of the method at visible range
was made by using the experimental setup shown in Fig. 6. A
He–Ne laser is spatial filtered and expanded using a micro-
scopic objective (O), a pinhole (PH), and a lens (L1). This pro-
duces a plane wave that fully illuminates the SLM screen. A
beam splitter was used in such a way that the laser impinges

Fig. 4. (a) Schematic of the mask composed by a pinhole and a
binarized amplitude hologram, (b) simulated intensity pattern in the
far field with a blocked pinhole, and (c) simulated intensity in the far
field revealing the interference pattern by unblocking the pinhole.

Fig. 5. (a) Mask to generate the Mathieu beam, (b) far-field simu-
lated diffraction pattern without blocking the pinhole, and (c) far-field
simulated diffraction pattern by unblocking the pinhole.
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normal to the SLM, and the reflected light is directed to the
detection system.

The SLM (LC-R 2500 Holoeye) of 1024 × 768 pixels was
placed between linear polarizers �P1; P2� and quarter wave-
plates �QWP1;QWP2� in a configuration that provides phase-
only modulation, which leads to higher efficiency in the
diffracted orders [41]. The focal distance of the lens L2 is equal
to the focal distance of the Fresnel zone plate displayed in the
SLM (f � 11.5 cm). A monochromatic charge-coupled de-
vice (CCD) (1024 × 768 pixels) was used as a register medium.

The size of the binarized fork holograms and the Fresnel lens
were 60 × 60 pixels (each pixel of the SLM has an area of
19 × 19 μm2), the period of the fork hologram was 6 pixels,
and the focal distance of the Fresnel zone plate was of
f � 11.5 cm. These parameters were calculated by scaling
up experimental parameters from Monserud et al. [40], where
a 46.7 nm laser is used to illuminate a mask with 1 μm reso-
lution and total lateral size of 150 μm. Figure 7 shows the re-
sults on generation and detection of an OAM LG-like beam.
On one hand, by blocking the Fresnel zone plate, we observed
the classical doughnut-shaped spatial intensity distribution of
one of the diffracted orders at the fork hologram [Fig. 7(a)].
On the other hand, when the Fresnel zone plate is unblocked,
the interference pattern between the reference plane wave and
the same diffracted order is observed [Fig. 7(b)]. The typical
bifurcation at the interference pattern supports that the tested
beams in Fig. 7(a) are beams with OAM with topological
charge l � 1. Figures 7(c) and 7(d) show a Mathieu beam ob-
tained from the first order diffracted by the mask shown in
Fig. 5(a). Figure 7(c) shows the beam with the pinhole blocked
and Fig. 7(d) shows the interference pattern used to reveal the
phase. The phase distribution exhibits two important features.
First, two fork-like displaced bifurcations inside the main el-
lipse can be observed, which indicates the existence of the field’s
singularities located at different positions as opposed to what
happens for a LG beam having a single singularity at r � 0
[see Fig. 1(b)]. Second, clear dislocations in fringes between
neighbor ellipses are seen. The phase features are also observed
in the numerical simulation shown in Fig. 5(c). Overall,

experimental and numerical simulations are in good agreement
and demonstrate that the device can produce and test the
expected beam.

5. CONCLUSIONS

In this work, we show a design of a compact device to generate
and characterize beams with OAM with applications in the
EUV. The device consists of a binary mask that contains a holo-
gram and a pinhole. The hologram produces the desired OAM
beam while the pinhole a reference beam, which allows testing
the phase distribution. Because binary masks and reflective op-
tics are the only possible choices at the EUV wavelength, the
hologram must be binarized. We study the performance of the
device by a combination of numerical simulations and proof-
of-principle experiments by scaling up to visible wavelengths
and using a Fresnel lens instead of the pinhole. In the experi-
ment, we used a SLM to represent both the Fresnel lens and the
hologram.

Two kinds of OVs were produced and characterized. First,
we considered a LG-like beam with topological charge l � 1,
due to its simplicity and extensive use. Then, we considered the
more complex case of the Mathieu beam with topological
l � 2 and ellipticity q � 2. In both cases, the far-field
intensity distribution and the interference pattern behave as
expected. The intensity distribution has a doughnut or
centered ellipses shape that corresponds to the typical intensity

Fig. 7. Images of the intensity distribution registered by the CCD
camera for the LG-like beam and Mathieu beam. Far-field diffraction
pattern for the first diffracted order (a)–(c) without blocking the
Fresnel zone plate and (b)–(d) unblocking it.

Fig. 6. Experimental setup: (O) microscope objective, (PH) pin-
hole. (L1). (BS) beam splitter 50:50. (SLM) spatial light modulator.
�L2� lens with focal distance f � 11.5 cm. (CCD) camera of visuali-
zation and acquisition results. (M ) mirror. �P1; P2� linear polarizers.
�QWP1;QWP2� quarter waveplates.
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distribution of a LG beam or a Mathieu beam, respectively.
For the case of LG-like beams, the interference pattern shows
the characteristic bifurcation in the center, while the Mathieu
beam exhibits few displaced dislocations, each one correspond-
ing to a vortex.

The device shows the potential to generate and test arbitrary
beam shapes carrying OAM, expanding the possible applica-
tions in the EUV.
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