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Beam formation  

The energy and angular momentum are quantum 
characteristics of photons. The angular momentum is the 
sum of the spin and orbital angular momenta. In physical 
optics, the spin momentum is described as the polariza-
tion of light beams, and the orbital angular momentum 
(OAM) is the rotation of beam along the azimuth. Interest 
in beams with OAM [1, 2], or "vortex beams," appeared 
shortly after the creation of lasers and increased after the 
publication of the article [3]. Vortex beams have been 
formed and investigated in the spectral range from X-ray 
to radio waves, but only a few publications are devoted to 
beams with OAM in the terahertz range (see [4] and ref-
erences therein). In this paper we describe vortex Bessel 
beams with an average power of 25 W, obtained on the 
Novosibirsk free-electron laser (NovoFEL) [5]. 

Vortex beams were formed from the NovoFEL Gaus-
sian beam transformed by binary phase axicons (BPA) 
with spiral zone structures (Fig. 1, a, b). The zone 
boundaries are described with the equation 

( / 2 / 2)r p l� � � ��� , where 2 / 3.2p � � � �  mm is the 
period, 0 (2 1)l� � �� , and �  is the transverse wave 
number. The relief depth was calculated for a wavelength 

141	 �  
m: 0 / 2( 1) 29.1H n� 	 � �  
m ( 3.42n � ). 
Beams with the topological charges 1l � �  (Fig. 1, c) 
were formed with the BPA (a), whereas the BPA (b) 
formed the beams with intertwined helicoids wavefront (

2l � � ) (Fig. 1, d). The average power of the incident 
Gauss beam was about 100 W. About 50% of this power 
was reflected from the silicon axicon, and then 41% was 
diffracted into the converging plane wave, which formed 
the Bessel beam with a power of 25 W. This value can be 
increased fourfold by the use an antireflection coating 
and a telescopic system mounted directly behind the axi-
con.  

Beam characteristics  
The radial distribution of the intensities of the ob-

tained beams recorded with a 16.32 12.24�  mm2 mi-
crobolometer array [6] moving along the z -axis on a 
translation stage was in good agreement with the Bessel 
function (Fig. 2), but the Fourier spectrum of transverse 
spatial-frequency components of the beams measured at 
the lens focus consisted, instead of rings observed in the 
case of ordinary Bessel beams, of segments of 2l inter-
twined arcs (Fig. 2, a, b). Nevertheless, in the rest, the 
properties of the obtained beams corresponded to the 
properties of the Bessel beams. In particular, the cross-
section of the beams was unchanged over a length of ap-

proximately 150 mm (“non-diffraction beams”). The 
beams are self-reconstructing after passing through ob-
stacles and randomly inhomogeneous media.  

The formation of Bessel beams by means of a binary 
spiral axicon has an advantage in comparison with the use 
of the combination of spiral phase plate and axisymmetric 
axicon [7]. In the latter case, the optical system correctly 
forms a vortex beam only for wavelengths for which the 
thickness of the spiral plate grows up as 

( ) / 2 ( 1)h l n� � 	 � � � . On the contrary, a binary phase 
axicon with spiral zones forms a beam 

0( , , ) ( )exp[ ( )]
l z

E r z E J r i k z l� � � � �  with a given topo-
logical charge for any wavelengths, only its diffraction 
efficiency changing. The diameters of the beam rings are 
also independent of the wavelength, which can be useful 
for many applications. 

All these experiments showed that the vortex beams 
obtained by us possess all the properties of Bessel beams 
for a certain distance. 

Beam diagnostics  
The intensity distributions of the beams formed by 

the axicons are in good agreement with the distributions 
calculated for the Bessel beams. However, the intensity 
distributions are identical for both left-handed and right-
handed beams and the topological charge cannot be de-
termined from them. The beam helicity parameters were 
determined in classical diffraction experiments: the inter-
ference of vortex and Gaussian beams, rotation of beam 
obstructed by a half-plane, and the double-slit Young 
experiment. The Young experiment proved to be the most 
obvious and simple way to solve this problem. 

The diffraction pattern obtained in this experiment 
for the Bessel beam with the topological charge 2l � �  is 
shown in Fig. 3. The fringes are dogleg shaped and can 
be described with the expression 
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where 2a  is the distance between narrow slits.  

Beam applications  
The advantages of Bessel beams are widely used, and 

one can assume that they will also find application in the 
terahertz range. Communication systems and radars are 
the most obvious uses. Without touching these problems 
here, we give examples of vortex Bessel beams applied in 
optical phenomena in which they were not previously 
investigated.  

The first experiment in which the use of vortex beam 
led to an unusual result was the generation of surface 
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plasmon polaritons by the method of beam diffraction at 
the edge of metal-dielectric interface ("end-fire cou-
pling"). The plasmons were expected to arise at each in-
tersection of the Bessel beam rings with the surface 
boundary. However, depending on the direction of the 
beam twist, plasmons were generated only on one side of 
the optical axis. This effect, which has not been clearly 
explained yet, can be used as a new type of binary plas-
monic switch. 

Fig. 1. Binary phase axicons with spiral zones (phase shift by 
�  at 141	 � 
m) for forming beams with topological charges 

1l � � (a) and 2l � �  (b); (c, d) helicoidal wavefronts 

Fig. 2. Cross-sections of beams with topological charges 
1l � � (a) and 2l � �  (b) vs. distance. Left insets: comparison 

of the Bessel functions with beam cross-sections. Right insets: 
image of beams in lens focal plane (spatial frequency distribu-
tion) 

We also investigated for the first time the passage of 
vortex beams through amplitude and phase periodic grat-
ings, that is, an analog of the Talbot effect. Experiments 
and numerical calculations have shown that, as in the  

classical Talbot effect, periodic diffraction patterns are 
formed in the main and fractional Talbot planes, depend-
ing however on a larger number of parameters than the 
classical effect. The transformation of a large vortex 
beam into a periodic lattice of small vortex beams was 
demonstrated. 

Fig. 3. (a) Double slit with spacing of 4.5 mm, illuminated by 
vortex beam; (b) The experimentally observed diffraction pat-
tern 40 mm behind the slits reveals that the beam topological 
charge is equal to 2l � � ; (c) (color online) Simulated diffrac-
tion pattern in which colors show phase distribution from 0 
(blue) to �  (red) 
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