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Abstract:
The focal performance of the micro-axicon and the Fresnel
axicon (fraxicon) are investigated, for the first time, by the rigorous
electromagnetic theory and boundary element method. The micro-axicon
with different angle of apex and the fraxicon with various period and angle
of apex are investigated. The dark segments of the fraxicon are explored
numerically. Rigorous results of focal performance of the micro-axicon and
the fraxicon are different from the results given by the approximation of
geometrical optics and the scalar diffraction theory. The scattering effects
are dominant in the fraxicon with small size of feature. It is expected that
our study can provides very useful information in analyzing the axicon in
optical trapping systems.
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1.

Introduction

An axicon, which was formally coined by J. H. McLeod [1, 2], is an optical element that
images a point into a segment image along the optical axis instead of the usual point focus. The
element has various practical applications such as beam generation, alignment, atom guiding,
and scanning [3-11]. For example, a high-order Bessel beam can be generated by using of an
axicon, which offers a reliable method for atom and nanoparticle guiding [5, 6]. An axicon
combining with lens can produce various ring pattern along its optics axis [12]. The axicon can
also be used as optics element with long focal depth using in alignment [13]. Therefore, the axicons and their derived elements are studied extensively in the recent years [14-17]. In the most
cases, the focusing performance of the axicon can be investigated by using of the scalar diffraction theory, such as the Fresnel-Kirchoff diffraction integral [17-19].With the development of
processing technique, micro-axicon or the axicon with small feature size can be designed and
manufactured [20-22].
For the micro-axicons or the axicons with small feature size, the diffraction and scattering
will be enhanced as the decreasing in size, and their focusing performances are dominated by
the scattering and diffraction effects generated on the boundaries. For example, in the case of
the Fresnel axicon (fraxicon) and the fractal axicon, the focusing performance of the microaxicon is governed by the scattering effect caused by the feature structure. Therefore, the scalar
diffraction theory fails to solve the scattering and diffractive fields [18, 19], and the rigorous
electromagnetic theory must be applied. Considering the great advantages in solving 2D finitesize scattering problem, the boundary integral equations and boundary element method (BEM)
are used to calculate the focal characteristics of 2D micro optical elements [23, 24]. In this
paper, we devote ourself to investigate the focusing performance of the two-dimensional (2D)
micro-axicon and fraxicon by rigorous electromagnetic theory. The focusing performance of
the fraxicon with different number of zone is also investigated. The focal characteristics, such
as the region field distribution and the intensity distribution along optical axis, are calculated in
details. In Sec. 2, basic formulas of the boundary integral equations are described. In Sec. 3, we
present the numerical results together with detailed analysis. A conclusion is given in Sec. 4.
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2.

Boundary integral equations

The schematic diagrams of the 2D micro-axicons and fraxicons are described in Fig. 1. The
whole 2D space is divided into two semi-infinite regions, region S1 and region S2 , by axicon’s
boundary Γ. The region S1 is occupied by the 2D axicon with refractive index n1 and the region
S2 usually is the air with the refractive index n2 =1.0. The 2D axicon is infinite along z-axis.
A TE parallel beam is assumed incident along opposite direction of y-axis. After propagating
through the axicon, the beams get interfered in region S2 . To calculate the optical field distributions in region S2 , the Green’s theorem and Green function are applied to Maxwell’s equations.
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Fig. 1. A schematic diagram of axicons. (a) The bulk axicon, and (b) the Fresnel axicon
with same angle of apex as given in (a).

By incorporating with Sommerfeld radiation condition, we can obtain the boundary integral
equation about the boundary scattering fields and their normal derivatives. The boundary integral equations are discretized by using of the BEM. Through matrix inversion and Gaussian
elimination method, the scattering fields and their normal derivatives can be determined. Therefore, the transmitted optical field in region S2 is computed numerically by [24]

 
∂ G2 (r, rΓ )
∂ EΓ (rΓ )
− G2 (r, rΓ )
(1)
E(r) = −
EΓ (rΓ )
dl  ,
∂ n̂
∂ n̂
Γ
where r and rΓ represent any point in region S2 and on micro-axicon boundary Γ, respectively.
EΓ and ∂∂En̂Γ indicate the boundary field and their normal derivative on the axicon boundary Γ,
respectively, where n̂ is normal to the boundary Γ with orientation to region S1 , as shown in
Fig. 1(a). G2 is the 2D Green function in the region S2 and is described as a zeroth-order Hankel
(2)
function of the second kind, i.e., G2 (r, rΓ ) = (− j/4)H0 (k2 |r − rΓ |). k2 = 2π n2 /λ is the wave
number in the region S2 , and λ is the incident wavelength in free space.
3.

Transmission characteristics of 2D micro-axicons

For the 2D bulk micro-axicon shown in Fig. 1(a), the geometry is governed by the refractive
index of the material (n1 ), the size of the aperture (D = 2R) and the angle of the apex (θ ),
where R is radial coordinate. The incident wavelength is λ = 1.0 μ m. The micro-axicon and
the fraxicon are assumed made of AlAs crystal and the refractive index is n1 = 2.857 at λ =
1.0 μ m [25]. According to the principles of geometrical optics, the finite interference zone is
given by ymax = R tan γ − R tan(θ /2), where 2γ = θ + 2β − π , and β = arcsin [n1 cos(θ /2)],
respectively. For a large apex angle, ymax ≈ R tan γ . However, ymax may fail to describe the
focal performance when the scattering effect on the boundary of the micro-axicon is more
obviously enhanced as the decreasing in the size of axicon. For the fraxicon, which is shown
in Fig. 1(b), the dark segments caused by introducing the Fresnel zone will appear, and the
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diffraction and scattering effects are more obviously if the feature size is approximately equal
to the incident wavelength λ . When the collimated beam is propagating from the region S1
to the region S2 , the total reflection is occurred and the corresponding critical angle of apex is
given as 2 arccos(1/n1 ) ≈ 139◦ . In our work, the diameter of the 2D micro-axicons are 50.0 μ m
and the angle of apex are chose as 130◦ , 140◦ , 150◦ , 160◦ , and 170◦ , respectively.
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Fig. 2. The focal performance of 2D micro axicon with diameter D = 50.0 μ m and angle
of apex θ = 170◦ . (a) The gray-level intensity distributions in region S2 , (b) The lateral
intensity distribution on different observation planes ( solid curve for y = −100.0 μ m and
dashed curve for y = −40.0 μ m, respectively), and (c) the intensity distribution along the
axis of the micro-axicon.
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We firstly investigate the focusing performance of micro-axicon with angle of apex θ = 170◦ .
The gray-level representation of the electric-field distribution in the region S2 is drawn in Fig.
2(a), where the bright (dark) regions mark the locations with high (low) electric field intensities.
The interference occurs in the region from y = 0 to −148.52 μ m. It is obviously seen that the
interference fringes are parallel to the y-axis and occur in a rhombus-like region surrounded by
the red lines. In this region, seven strong interference fringes appear in the marked region. In the
large propagating range, the fringes keep parallel each other and the results can be seen in Fig.
2(b). The solid curve represents the lateral intensity distribution at y = −100.0 μ m, while the
red dashed curve for y = −40.0 μ m. Along the propagation, the positions of the innermost five
interference fringes are almost unchangeable and the distances between interference fringes
are approximately constant. In fact, owing to the diffraction and scattering effects, blurry interference also appears in y=−148.52 μ m to −160 μ m, as shown in Fig. 2(a). Meanwhile, as
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Fig. 3. Focal performance of the axicon with different angle of apex: (a) and (b) represent
the field intensity distributions of the axicon with θ = 160◦ and 150◦ in the region S2 ,
respectively, and (c) displays the intensity profiles along y-axis.

shown in Fig. 2(c), the intensity distribution along y-axis is fluctuated. The dotted-dashed line
is located at 80.0% maximum of the intensity. Obviously there are two ranges for the intensity
larger than 80.0% maximum of the intensity. At y = −74.69 μ m, an intensity well is formed,
which disagrees with the result given by the scalar diffractive theory [6], and it can be used in
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atom trapping. This characteristics can be attributed to the scattering on the boundary of the
micro axicon. The local field intensity distributions of the axicon for θ = 160◦ and 150◦ are
illustrated in Fig. 3(a) and (b), respectively. As the decreasing in the angle of apex, the interference fringes are located in a rhombus-like region and its shape is decayed. The theoretical
ranges are ymax = 65.25 and 32.27 μ m for θ = 160◦ and 150◦ , respectively. In fact, as shown
in Fig. 3(c), the ranges are reduced owing to the scattering effect and the intensity distribution
is fluctuated in a range that is smaller than the range predicted by geometrical optics. When the
angle of apex is smaller than the critical angle 2 arccos(1/n1 ), weak power is transmitted into
the region S2 .
With the decrease in feature size of the fraxicon, the focal characteristics is different comparing with the bulk axicon. In our work, the angle of apex is the same with that of bulk axicon, and
the period of the fraxicon are chosen as T = 5.0 and 2.5 μ m, respectively. Under the approximation of geometrical optics, the interference fringes along y-axis are not continuous: it consists
of several dark segments which displays in Fig. 1(b). Furthermore, the number of the dark
segments is equal to N − 1, where N = R/T is the number of Fresnel zones. For the fraxicon
with T = 5.0 and 2.5 μ m, the number of dark segments are 4 and 9, respectively. However, the
numerical result departs from the results in the geometric optical approximation. In Fig. 4(a),
serval peaks appear on the intensity distributions on the observation plane y = −100.0 μ m. It
indicates that the interference caused by different Fresnel zones occurs in the region S2 . The
position of interference has changed for the fraxicons. The interference occur in more positions
for the smaller T . The much more obvious differences are easily seen from the axial intensity
distributions. As shown in Fig. 4(b), for the fraxicon with T = 5.0 μ m, only one obvious dark
segment is emerged in the curve a at y = −40 μ m nearby. For the fraxicon with T = 2.5 μ m,
five dark segments are observed in the curve b. It is obviously that the actual number of dark
segments is much less than the predicted number.
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Fig. 4. (a) Normalized intensity distributions on observation plane y = −100.0 μ m, and
(b) the axial intensity distributions for different kinds of axicon. Curves a (black solid),
b (red solid) and c (black dashed) describe the focal characteristics of the fraxicon with
T = 5.0 μ m, T = 2.5 μ m and the bulk axicon, respectively.

As the decreasing in the apex angle of the fraxicon, the number of dark segments changes.
In our numerical results, as shown in Fig. 5(a), red arrows mark two positions that the intensity
wells exist for the fraxicon with θ = 170◦ , which indicate there are two dark segments exist.
With the further decrease of the apex angle, the positions of intensity wells will get increased,
for instance, there are three dark segments for θ = 160◦ . For the cases of θ = 150◦ and 140◦ ,
number of dark segments are four. It is obviously that the number of dark segments is different
for different angle of apex and the number is not monotonically changed with the angle of apex.
According to the feature of fraxicon, the maximal thickness of each zone is increasing while
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Fig. 5. The axial intensity distribution of T = 5.0 μ m the fraxicon with different angle of
apex. (a), (b), (c) and (d) are for θ = 170◦ , 160◦ , 150◦ and 140◦ , respectively. The red
arrows mark the positions of dark segments.

the angle of apex is decreasing. That indicates the feature size of the fraxicon is increasing.
Therefore the scattering of the fraxicon with small angle of apex is relatively weak compared
with the fraxicon with large angle of apex. It is obviously that the focal performance of fraxicon
is governed by scattering effect. The scattering effect is more evident as the decreasing in period
of the fraxicon.
4.

Conclusion

The focal performance of the micro-axicon and the fraxicon have been analyzed by rigorous
electromagnetic theory for the first time. The effect of the apex angle of the micro-axicon on
focal performance has been numerically investigated. The focal characteristics of the fraxicon
with different period and the angle of apex have been also numerically presented. Our study
indicates that the rigorous results are different with the results given by the geometrical optics
approximation and the scalar diffraction theory. With the decreasing in the angle of apex, the
fluctuation on the axial intensity distribution is more acute. Dark segments are generated along
axial intensity distribution. However, the number of dark segments is not equal to the results under the geometrical optics approximation. We found that the focal performance of the fraxicon
is more sensitive to the period than the apex angle. For the fraxicon with same angle of apex, the
scattering is more obvious in the case of small period. It is obviously significant that the rigorous electromagnetic theory are necessary to analyze the focal performance of micro-axicon and
fraxicon with small feature size. It is expected that the rigorous numerical results may provide
much useful information for the micro-axicon and the fraxicon used in micro-optics and optical
trapping systems.
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