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УДК 535.42+537.86

СВЕТОВЫЕ ПУЧКИ, ГЕНЕРИРУЕМЫЕ АКСИКОНОМ  
С ЗАКРУГЛЕННОЙ ВЕРШИНОЙ

С. Н. КУРИЛКИНА1), 2), Р. Ё. А. А. АЛБЛООШИ 2),  
П. И. РОПОТ 1), A. M. ВАРАНЕЦКИЙ 1)

1)Институт физики им. Б. И. Степанова НАН Беларуси, 
пр. Независимости, 68, 220072, г. Минск, Беларусь 

2)Белорусский государственный университет, пр. Независимости, 4, 220030, г. Минск, Беларусь

Внимание сфокусировано на реальной форме аксикона, не острой, а закругленной. Рассмотрен несовершенный 
аксикон с закругленной вершиной, форма которого аппроксимирована гиперболоидом, и проведен теоретический 
и экспериментальный анализ свойств пучка, генерируемого в дальней зоне за таким аксиконом. Продемонстри-
ровано, что если в вершине форма аксикона отклоняется от конической в пределах десятков микрометров, то по-
перечное распределение интенсивности формируемого светового поля имеет сильно осциллирующий характер. 
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При этом ширина кольца (область, в которой нормированная на максимальное значение интенсивность превышает 
величину 0,5) меньше таковой в случае идеального аксикона. Эти колебания возникают в результате интерференции 
частей падающего пучка, проходящего через круглый линзообразный наконечник аксикона и окружающую его 
коническую поверхность. Показано, что периодичность колебаний зависит от параметра закругления: при увели-
чении данного параметра периодичность колебаний (а также радиус центрального максимума) уменьшается, а их 
амплитуда увеличивается. Предложен и апробирован метод определения закругления реального аксикона. Полу-
ченные результаты могут быть полезны для уточнения характеристик изготавливаемых аксиконов.

Ключевые слова: аксикон; бесселевы пучки; дифракция; интерференция; интенсивность света.
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The attention is focused on the real shape of the tip of the axicon, which is not sharp but rather oblate. The imperfect 
axicon with rounded tip approximated by a hyperboloid is considered, and the properties of the beam generated in far 
field behind such an axicon are analysed theoretically and experimentally. It has been demonstrated that if the axicon tip 
deviates in its apex from the ideal sharp tip in the range of tens of micrometers, the transversal intensity distribution is 
strongly oscillatory. Meanwhile, the ring width (area, within which normalised intensity is larger than 0.5) is smaller as 
compared with the case of ideal axicon. These oscillations result from the interference of parts of the incoming beam pro-
pagating through the round, lens-like axicon tip and the conical surface surrounding the tip. It is shown that the periodicity 
of oscillations depends on the parameter of bluntness: if this parameter increases the periodicity of oscillations (as well 
as the radius of the center of the light ring) decreases, and their amplitude increases. The method for determination of the 
bluntness of real axicon is proposed and tested. Obtained results can be useful for correction of characteristics of conven-
tional axicons.

Keywords: axicon; Bessel beams; diffraction; interference; intensity of light.

Introduction
Axicons are a family of cylindrical symmetrical optical elements that produce a line focus rather than a point 

focus from incident collimated beam [1]. There are several types of axicons, working either by reflection or 
by transmission, and being either converging or diverging, but the most common one is probably the conical 
lens. Recently, new types of axicons are created using metasurfaces [2; 3]. Axicons are widely used in many 
applications, ranging from optical coherence tomography [4] and multi-photon imaging [5; 6] to manipulation 
and sorting of micro objects like biological cells [7–9] and generation of non-linear optical interactions 
(inclu ding plasma formation) in solids [10 –12], liquids [13–15] and gases [16 –19]. This interest is mainly 
due to the abi lity of axicons to form the light beams whose transversal intensity distribution is described by the 
zeroth-order Bessel function of the first kind. Meanwhile, this distribution is invariant along the beam propa-
gation. Such beams are called as «quasi-non-diffracting» ones. 

As a rule, considering the features of the field behind the axicon authors ignore diffraction effects on the 
axi con edges and assume an ideally sharp tip (see, for example, [20 –25]). However, in most of the experi-
mental realisations, the obtained pattern is more complicated than predicted such a way. Recently, it is shown 
that the diffraction from the axicon edges causes noticeable modulation of the on-axis optical intensity along 
the beam propagation [26 –28]. Moreover, due to manufacturing constraints [29], the tip of the axicon de-
viates from the ideal cone shape and becomes rather round, causing significant aberrations in the intensity 
profile [30–32] (introducing modulations in the on-axis intensity). These oscillations result from the interfe-
rence of parts of the incoming beam propagating through the round, lens-like axicon tip and the conical surface 
surrounding the tip [30]. Meanwhile, for narrow beams the axicon acts similarly as a conventional lens. Axicons 
with smaller base angles (longer zones of diffraction-less) are more prone to such aberrations. Results, obtained 
in works [30 –32], demonstrated that axicon blunt profile should be taken into account for most applications, 
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especially those requiring high, smooth and continuous on-axis intensities. But determination of the bluntness 
value stays important problem because it needs a complex and expensive equipment.

In the present paper, we study the modifications induced by the bluntness of the conical lens vertex on the 
transverse intensity distribution of the beam. We show in particular that the round-tip axicon causes the oscilla-
tions in transversal intensity distribution. The periodicity of them can be used for estimation of bluntness and, 
as a consequence, optimisation of the transverse size of the incident beam.

Theory: the beam behind axicon
Axicons – conical lenses – are optical elements that have rotational symmetry about the z-axis (fig. 1, a). 

They generate a quasi-Bessel beam throughout their depth of focus (DOF) region. It is known that beyond 
the DOF, the beam gradually transforms into a ring of constant width and increasing the radius as it pro-
pagates. The important parameters that characterise an axicon are its front face radius R, the base angle α 
and the refractive index n (see fig. 1, a). These parameters together determine the length of the DOF of the 
axicon.

Let us consider now the input light beam to be a collection of rays traveling parallel to the z-axis. All these 
rays refract at the conical surface of the axicon towards the axis with the same angle θ. All the rays at one 
radial distance, come to focus at one point on the axis. The rays incident at the extreme of the axicon (i. e. the 
furtherest radial distance) determine the DOF of the axicon, as shown in fig. 1, a. As follows from Snell’s law, 
sin θ = n sin α. Thus, for the small angle α, the DOF is calculated by the formula

DOF =
−( )
R

n 1 α
.

But when the incident beam waist and the axicon radius are approximately equal, the contribution of diffrac-
tion on the edges becomes significant. It displays in oscillatory axial intensity [28]. Owing to this, as a rule, the 
beam waist is chosen smaller than axicon diameter D = 2R, and the length of focal line becomes less:

F w
n

=
−( )
1

1 α
,

where w1 is the half-width of incident beam on the front face of axicon.
Consider now the field formed by axicon with rounded tip (fig. 1, b). It was found that the latter can be 

correctly approximated by hyperbola [31] that yields a very good match between the calculations and ex-
periments. The center of used coordinate system is combined with the tip of the perfect axicon, and z-axis is 
directed from the input surface. 

The axicon surface is approximated by the hyperbola

 z
a

r
b

2

2

2

2
1− = ,  (1)

where a and b are parameters characterised the curve. From equation (1) it follows

 z a
b
b r= − +2 2

.  (2)

Fig. 1. Ideal refractive axicon ray tracing for the Gaussian input (a),  
DOF and approximation of its the rounded tip by hyperbola (b)
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Here ba = tg τ
2
, τ is the apex angle (the angle between asymptotes of hyperbola). Then we can rewrite equa-

tion (2):
z a r a r= − + = − +2 2 2 2 2 2

2
ctg tg

τ α .

Parameter а (below – parameter of bluntness) characterises the shape of axicon, namely, the smaller the para-
meter a the closer the axicon shape to the ideal. 

The transmission function of the axicon with rounded tip is determined by following relation:

 t r ik n a r( ) = − −( ) +( )exp ,0
2 2 2

1 tg α  (3)

where k0 denotes the free-space wavenumber associated with frequency ω. It should be noted that for a → 0 
and small angles α equation (3) transfers to well-known formula for transmission function of ideal axicon:

t r ik n rperf tg( ) = − −( ) exp .0 1 α

Let the field in the front face of axicon is the Gaussian beam:

E r
W

r
win

g
1

1
2

1
2

1( ) = −






exp ,

where W w
g =

π
1

2

2
. Here (as well as above) w1 is the half-width of the beam. According to scalar wave optics, the 

field on distance z from the axicon is described by the integral

 E r z
ik

z W
r
w

ik n a r ik r r
zg

1 1
0

2

1
2 0

2 2 2
0
1
2 2

1
2

, exp( ) =
−

− − −( ) + +
+


tg α








∫ J

k rr
z rdr

R

0
0 1

0

.  (4)

Let z > F. For this case the forming field is the conical beam. Let use equation (4) for calculation of its transver-
sal intensity distribution. For definiteness we suppose below that λ = 532 nm (λ is the wavelength); R = 1.77 cm; 
n = 1.465 7; α = 2°; w1 = 2 mm. Thus, F = 12 cm. In fig. 2 the transversal intensity distribution in the pla-
ne z = 45 cm is represented for the case when we ignore the bluntness of the axicon tip (а = 0) and take it into 
account. It is seen that if a = 0 the ring field is characterised by negligible oscillations. For axicon with blunt 
profile the transversal intensity distribution is strongly oscillatory. Meanwhile, the ring width d (area, within 
which normalised intensity is larger than 0.5) is smaller as compared with the case of ideal axicon. These os-
cillations result from the interference of parts of the incoming beam propagating through the round, lens-like 
axicon tip and the conical surface surrounding the tip.

Fig. 2. Transversal intensity distribution of the field formed by ideal axicon (black curve)  
and axicon with blunt profile with a = 8 µm (red curve).  

Parameters: λ = 532 nm; R = 1.77 cm; n = 1.465 7; α = 2°; w1 = 2 mm; z = 45 cm
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The periodicity of oscillations depends on the parameter of bluntness a. As illustrated in fig. 3, if parame-
ter a increases the periodicity of oscillation (as well as the radius of the center of the light ring) decreases, and 
their amplitude increases. 

It should be noted that diffraction pattern behind axicon is strongly dependent on the base angle α. For 
example, as seen from fig. 4, the change of angle α on 0.1° causes the shift of intensity maximum in the plane 
z = 45 cm on approximately 380 µm. But variation of the base angle does not cause the change of the periodicity 
or amplitude of intensity oscillation.

Thus, position of maximum of transversal intensity distribution is the function of two parameters (parame-
ter of bluntness a and value of the base angle α), which are determined in manufactory specification, as a rule, 
very roughly. Using the features of diffraction patterns in far field behind the axicon one can estimate these 
characteristics. In detail this problem will be consider in next section.

Fig. 3. Transversal intensity distribution of the field formed by axicon with blunt profile  
with a = 3 µm (black curve), a = 5 µm (red curve), a = 8 µm (blue curve). 

Parameters: λ = 532 nm; R = 1.77 cm; n = 1.465 7; α = 2°; w1 = 2 mm; z = 45 cm

Fig. 4. Transversal intensity distribution of the field formed by ideal axicon (a) and axicon  
with blunt profile with a = 3 µm (b) at base angle α = 2° (black curve) and α = 1.9° (red curve). 

Other parameters: λ = 532 nm; R = 1.77 cm; n = 1.465 7; w1 = 2 mm; z = 45 cm
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Experiment
In experiment the incident Gaussian beam was transformed by a commercially available axicon Thorlabs 

with the front face radius R = 1.27 cm and the base angle α = 2° (according to manufactory specification). 
Transversal intensity distribution was registered by CCD camera. Measured beam waist is equal 246 µm. Axi-
con was placed on the distance of 2.94 m from the laser. The diffraction patterns from two axicons with the 
same «nominal» parameters, experimentally observed in the plane z = 45 cm, is represented in fig. 5. As seen 
from fig. 5, despite equal «nominal» base angles of axicons diffraction patterns, formed by them, strongly differ 
as in position of the maximum of transversal intensity distribution (for the first axicon – 5265 µm, and for the 
second axicon – 5648 µm) as the amplitude of oscillation. It indicates the bluntness of their tips and difference in 
characteristics of axicons. 

For determination of these characteristics we measure diffraction patterns from the axicon in some planes 
(z = 45 cm, z = 60 cm and z = 80 cm). Results of measurements for definite z (for example, z = 45 cm) are 
compared with the transversal intensity distributions calculated according to equation (4) for every possible 
pair of values α and a (value α changes from 1.8 up to 2.2° with the step 0.1°, and value a changes from 3 
up to 30 µm with the step 1 µm). Thus, the pair of values αc and ac is determined, for which coincidence 
of measured and calculated transversal intensity distributions takes place. Further, we verify the correlation 
between measured and calculated (for αc and ac) transversal intensity distributions for another z (for example, 
z = 60 cm and z = 80 cm). Satisfactory fit between curves for fixed z testifies that the pair of parameters αc and ac 
is chosen rightly.

Fig. 5. Diffraction pattern and transversal intensity distribution  
for the case of the first (a, b) and the second (c, d ) axicons
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In fig. 6, there are presented measured and calculated transversal intensity distributions for the first and the 
second axicons. As a result of technique described above we obtained that for the first axicon α = 1.85° and 
a = 10 µm, for the second axicon α = 1.9° and a = 8 µm.

Conclusions
We considered an imperfect axicon with rounded tip approximated by a hyperboloid, and we analysed 

theoretically and experimentally the properties of the beam generated in far field behind such an axicon. In the 
course of the study we have established that if the axicon tip deviates in its apex from the ideal sharp tip in 
the range of tens of micrometers, the transversal intensity distribution is strongly oscillatory. Meanwhile, the 
ring width d (area, within which normalised intensity does not exceed 0.5) is smaller than in the case of ideal 
axicon. These oscillations are caused by the interference of parts of the incoming beam propagating through 
the round, lens-like axicon tip and the conical surface surrounding the tip. It is shown that the periodicity of 
oscillation depends on the parameter of bluntness a: when it increases the periodicity of oscillations (as well 
as the radius of the center of the light ring) decreases, and their amplitude increases. We have proposed and 
tes ted the method for determining the bluntness of real axicon. 

Obtained results can be used to correcting the characteristics of conventional axicons.
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