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Nondiffracting (Besselian) light beams are formed with the help of conical optics 
(mirrors, lenses), whose components have been termed axicons. Beam of this class differ 
substantially from the usually employed Gaussian beams by the fact that the diameter of 
the axial caustic is constant along the entire propagation path, by the fact that radiation 
is introduced into the focusing zone from the side at a constant angle, and by the fact that 
the intensity distribution in the transverse section is given by a Bessel function. The 
theoretical and experimental data on the structure of Besselian beams are compared and 
three regimes of optical breakdown for such beams are studied. 

 
 

When laser radiation is focused by a conical lens 
(axicon) a beam with a radial intensity distribution of 
the form I  J 2

0  (kr sin), where J0 is the zero order 

Bessel function of the first kind, k is the wave vector 
of the focused radiation, and  is the focusing angle 
(Fig. 1), is formed.1–3 Since the argument of the 
function J0 does not contain the coordinate z the form 
of the cross section of such a beam remains unchanged 
over the entire length of the propagation path 
L  R/, where R is the aperture of the axicon Ra or 
the starting beam Rb, whichever is smallest. For this 
reason Besselian beams are said to be nondiffracting. 
Their characteristic feature is that energy is introduced 
from the side at a constant angle  to the axis over the 
entire length of the propagation path. It is this energy 
that compensates the diffraction spreading-induced 
diminishment of the intensity near the axis, so that it 
would be more accurate to refer to these beams as 
diffraction-compensated. 
 

 
 
FIG. 1. Formation of a nondiffractim (Besselian) 
light beam. 

 

The intensity on the axis can change as a function 
of the longitudinal coordinate z,1,2 but the diameters of 
the central cylindrical zone of energy concentration 
and of the secondary hollow maxima do not change 
and they are determined by the properties of the 
function J0. 

The roots of the equation J0(x) = 0 are given by 
the approximate expression4 

 

 (1) 
 
where s = 1, 2, 3, ;  = (4s – 1)/4. 

Thus the diameter of the rings of zero intensity 
(s)
0d  and the diameter of rings of maximum intensity 
(s)
md  can be expressed in the form 

 

 
 

 (2) 
 
where  is the wavelength of the focused radiation. 

We formed nondiffracting light beams with the 
help of glass axicons for which  = 7.5, 5, and 2.5. 
We used the radiation from a single-mode monopulse 
neodymium-glass laser ( = 1.06 m and the 
divergence  10–4 rad).5 We recorded the intensity 
distribution by making microphotographs of the zone 
of the beam near the axis with a magnification of 103 
using 1–1060 infrared film (Fig. 2), after which we 
performed opacity density measurements with a 
microdensitometer (Fig. 3). We inserted phase plates, 
which increased the spreading of the radiation, into 
the starting beam in order to vary its divergence. 
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 20 m 

 

FIG. 2. The transverse cross section of a nondiffracting laser beam with  = 5° (the same along 
the focal segment (0 < z < L)) with different divergence  of the starting radiation 
 = 1.06 m: a) –   10–4 rad, b) –   58  10–4 rad, c) –   3  10–2 rad. 

 

The photographs of the transverse cross sections of 
nondiffracting beams in Fig. 2. correspond to 
divergences of the starting laser beam of 10–4 (a), 
5  10–3 (b), and 3  10–2 (c) rad. Transverse structure 
in the form of alternating rings of equidistant maxima 
and minima can be seen clearly in the first two 
photographs. As the quality of the initial beam 
decreased, the diameters of the axial and secondary 
maxima remained unchanged within certain limits; only 
local distortions in the shape of the rings were observed 
(Fig. 2b). Above the admissible limit of the distortions 
of the wavefront of the starting radiation the 
nondiffracting beam was simply not formed (Fig. 2c). 
This limit is associated with the overlapping of 
neighboring ring maxima. 
 

The microdensitometer traces of the transverse 
cross section are shown in Fig. 3 (for  = 5 and 2.5). 
The figure also shows, for comparison, the function 
J0

2
 (kr sin) (dashed lines). One can see that 

distortions in the shape of the wavefront result in the 
appearance of a scattered component of the 
radiation, as a result of which on the 
microdensitometer traces the intensity does not drop 
to zero at (s)

0 .r x  
From a comparison of the theoretical values of 

the diameters of the maxima (s)
md  and minima (s)

0d  of 
the intensity in a nondiffracting beam in Fig. 3 and 
Table I we can conclude that the theory is in good 
agreement with the experiment. 
 

TABLE I. 
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FIG. 3. The intensity distribution in nondiffracting laser beams ( = 1.06 m) with  = 5 and 
2.5 (solid lines) and J 2

0  (kr sin) (dashed lines). 
 

The agreement between the experimental and 
theoretical radial distributions of the intensity I is much 
worse. This is connected with the finite divergence of a 
laser beam, which does not change the geometric 
dimensions of the maxima and minima but does result in 
the appearance of a scattered component of the 
radiation. It has a diffuse character and results in 
attenuation of the central maximum and some secondary 
maxima closets to it. As a consequence the contrast of 
the picture decreases. But the calculations were 
performed for initial beams whose wavefront was ideal. 

The intensity distribution along the axis of 
propagation of a nondiffracting beam depends on the 
profile of the focused beam. In principle the profile of 
the initial beam can be matched to that the axicon so 
that the intensity on the axis is constant along the entire 
focal segment.2 There are three possible regimes of 
optical breakdown of the gas in which a nondiffracting 
beam propagates: 1) the quasistationary regime 
t . L / c; 2) the traveling-focus regime 
t nL / c; and, the intermediate regime 
t  L / c; here t is the width of the front of the 
laser pulse and L / c is the propagation time of the 
light along the length of the spark L. We shall study 
these regimes in succession. 

1. t . L / c; In this case the intensity on the 
axis of the nondiffracting beam increases with time 
practically simultaneously along the entire breakdown 
zone L. Let a beam with a conical wavefront (WF) and 
a hyperbolic radial distribution of the intensity 
(I = I0 Ra / r, where r is the radial coordinate) 
propagate along the z axis (Fig. 4). Then a ray tube 
with the cross section  = 2 r dr contains radiation 
with the power 
 

 (3) 
 

i.e., dW / dr = const. As the nondiffracting light 
beam propagates the ring 1 is converted into the ring 2: 

 

  (4) 
 

 
a 

 

 
b 

 
FIG. 4. The transformation of a Light beam with 
a hyperbolic radial distribution of the intensity 
into a nondiffracting beam (a) and transformation 
of the isophot of the nondiffracting beam in the 
quasistationary regime t . L / c) (b). 

 
Thus the radiation intensity at the points 1, 2, 

and 3 will be equal to 
 

 (5) 
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 (6) 
 

 (7) 
 

Therefore the lines of constant radiation 
intensity (and constant electric field strength) have 
the form of coaxial cylinders, and, in addition, the 
intensity is inversely proportional to the distance 
from the axis. For this reason the threshold intensity 
for optical breakdown is reached simultaneously 
along the entire focal segment (irrespective of the 
length of the focal segment). 

The cylindrical surface with a fixed value of the 
radiation intensity expands in an axisymmetric manner 
as the power of the initial laser pulse increases. 

Theoretically an extended continuous laser spark 
can be formed in such a nondiffracting laser beam 
instantaneously. In practice, however, the formation 
time will be determined by the statistical spread in the 
rate of development of the avalanche at different 
points of the focal segment and by the time it takes for 
the neighboring breakdown zones to merge. These 
times are characteristically of the order of  1 ns. For 
this reason in the quasi stationary regime an extended 
continuous laser spark can be produced in a 
nondiffracting beam over the same period of time. 

2. The second breakdown regime is realized with 
a short pulse: t n L / c;. In this case the zone of 
high radiation intensity moves along the 3 axis with 
the velocity c  cos . This corresponds to the 
traveling-focus regime; the velocity of the focus is 
determined by the velocity of propagation of the spark 
along the axis. By changing the angle  the velocity 
can be varied within wide limits. 

The formation time of the channel under these 
conditions will be given by 
 

 (8) 
 
For example, for L = 1 m and  = 5 we obtain 
t  3 ns. 

3. In the intermediate case t   / c the 
delay in the arrival of the light at the distant end of 
the focal segment will be important, since the rate of 
change of the intensity of the laser radiation is 
comparable to the velocity of light. The .surfaces of 
equal intensity under such conditions will no longer 
be cylindrical; they will contract toward the distant 
end of the focal segment. The shape of these surfaces 
depends on the behavior of the intensity of the laser 
pulse as a function of time. 

In the simplest case of linearly increasing 
intensity the surface of constant intensity will be a  
 

cone. We shall approximate the spatiotemporal profile 
of the laser pulse by a function of the type 
 

 (9) 
 

where 0 0 0 0
0

0 0

( ),m b
b

m m

I I R I r I
a R r b

I I I I

 
  

 
   are constants 

describing the spatial profile of the beam (I0 is the 
intensity at r = Rb and Im is the intensity at r = r0). 

To determine the shape of the surface of constant 
intensity we shall study two points with the 
coordinates (r1, 0) and (r, z) at the time t. At the 
former point the radiation intensity is equal to  
 

 (10) 
 
while at the latter point 
 

 (11) 
 
since the wavefront that passed through the surface 
z = 0 at a time earlier than t by the amount 
z / (c  cos ) is located at this point. 

In order for the chosen points lie on a surface of 
constant intensity the condition I = I1 must be 
satisfied. This gives r = r1 – (r1 + b) z / zm, where 
zm = c  t  cos  is the propagation distance of the 
front of the nondiffracting beam up to the moment t. 

Thus the properties of nondiffracting laser beams 
are radically different from those of Gaussian beams, 
so that nondiffracting beams should be segregated into 
a special class. Optical breakdown in such beams 
results in the formation of continuous extended laser 
sparks,5 which cannot be obtained in any other 
manner. The nondiffracting (Besselian) laser beams 
could also be useful for other applications. 
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