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Optical vortices are helically phased light beams with a field dependence of ���	(���), where � is the 
topological charge and	� the azimuthal coordinate in the plane perpendicular to the beam propagation. 
Such beams carry an orbital angular momentum (OAM) of �ℏ per photon. The interaction between 
matter and extreme-ultraviolet (EUV) optical vortices is predicted to trigger new phenomena. Among 
these are violation of dipolar selection rules during photoionization [1], generation of charge current 
loops in fullerenes with an associated orbital magnetic moment [2], and the production of skyrmionic 
defects [3], promising for applications magnetic memory devices on the nanoscale.  
 
An elegant method to realize optical vortices with X-rays is the use of a spiral zone plate (SZP) [4] 
similar to a Fresnel zone plate. This optical element produces a focused vortex without extensive 
modifications of the optics upstream. Implemented at the FERMI free electron laser (FEL), the optical 
vortex can be obtained directly from the fundamental (transversely Gaussian) FEL beam in the EUV 
regime. The resulting EUV beam exhibits an azimuthal phase shift, a torus-shaped focal spot (see Figure 
1), and can produce power densities at the FERMI FEL of up to 1017 W/cm² [5]. 
 
The possibility to produce optical vortices in the X-ray regime using SZPs was demonstrated with 
synchrotron radiation [4]. The high photon flux at an FEL, however, imposes serious limitations for the 
design of such zone plates, as many common materials cannot withstand even the unfocused FEL beam 
intensity [6]. An excellent material for the fabrication of radiation-hard diffractive optical elements in 
the XUV regime is silicon [7]. The SZPs used in the experiment were etched into ultra-flat, 340 nm 
thick silicone membranes purchased from Norcada, Inc. (Canada). For this purpose, the silicon 
membrane was coated with a chromium layer and a polymer resist, which was subsequently exposed 
with the zone plate pattern using e-beam lithography. After development, the pattern was transferred 
into the chromium layer by reactive-ion etching (RIE), which was then used as a hard mask in a 
subsequent RIE step to etch the zone plates 200-230 nm deep into the silicon membrane. The SZPs were 
designed for a wavelength of 26 nm and had a focal length of 120 mm. The SZP diameter was 1.90 mm, 
with an outermost zone width of 1.64 µm. The lateral dimensions of opaque and transparent zones were 
adjusted to a ratio of 60:40. This geometry almost completely suppresses the 0th diffraction order (the 
directly transmitted FEL beam) that carries no OAM without the use of a central beam stop. The phase 
of the radiation focused by conventional Fresnel zone plates (FZP) and spiral zone plates with several 
topological charges � was recorded in the far field using a Hartmann wavefront sensor [8], whereas the 
intensity distributions in focus were reconstructed from developed polymer imprints [9].  
 
The standard Fresnel zone plate (FZP, Figure 1a), produces a Gaussian-like beam in the far-field with an 
almost flat phase profile (after removing the quadratic curvature introduced by pre-focusing). The 
residual phase contrast is due to the aberrations of the beam alignment mirrors, aberrations in the FEL 
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beam itself, and the detection noise at the wavefront sensor. The intensity distribution in the focal plane 
of the (conventional) FZP shows its typical diffraction pattern. The focal spot of the Fresnel zone plate 
can be described with the first-order Bessel function and a Rayleigh spot size of 2.0 µm, in exact 
agreement with theory.  

 
The SZP with a topological charge 
of one produces a phase profile 
which is in good agreement with the 
theory. Exhibiting a singularity in 
the center, the phase is shifted by 
2π, or one wavelength in 360° 
around the optical axis. The focal 
spot is torus-shaped and can be 
described using a hypergeometric 
function [9]. Higher topological 
charges l result in phase profiles 
with a phase shift of |�| ∙ 2π. 
 
Assuming 17% efficiency for the 
SZP and a typical energy per pulse 
of 10 µJ (50 fs pulse duration) used 
during the experiment, a power 
density on the order of 10��W/cm2 
is estimated in focus. The zone 
widths, and thus the spot size of the 

ZP in focus, can be easily reduced by a factor of 50-100. In combination with a maximum energy per 
pulse of 100 µJ, which is routinely achieved at FERMI, the power density can be increased by three to four orders 
of magnitude. 
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Figure. 1.  a) Zone plate pattern, resulting phase and 
amplitude of a conventional Fresnel zone plate. b) Zone plate 
pattern, resulting phase and amplitude of a spiral zone plate 
with l = 1. 
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