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We generate a nondiffracted Bessel beam using an axicon. A simple setup is presented to generate
a zero order Bessel beam. Moreover, we introduce certain modifications in this optical setup for
unconventional generation of an optical vortex beam using an axicon pair and a birefringent lens.
An optical vortex beam with a topological charge of 1 is generated, and the corresponding spiral
pattern has been demonstrated, which confirms the presence of orbital angular momentum in the
optical vortex beam. Further, plasmonic excitation is validated using both zero order and first
order Bessel beams. Our approach to confirm the presence of surface plasmon resonance relies
on the use of a Wollaston prism. We are able to separately identify the coupling of surface
plasmons with the p-polarized components via the absence of the corresponding annular beam.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4982875]

In recent years, the study and the generation of optical
vortices (OVs) have attracted considerable research interest
where a Bessel beam plays an important role. A Bessel beam
is characterized by a radial wave vector (kq) and an azimuthal index (l), resulting in the generation of helical wavefronts.1 It can be generated in a number of ways: by the use
of an annulus and a lens, a hologram,2,3 a spatial light modulator,4 or an axicon.5
Higher order Bessel beams have helical wavefronts and
carry orbital angular momentum (OAM). They have been
experimentally generated using an axicon illuminated by a
Laguerre–Gaussian beam.6 As the order of the Bessel beam
increases, the diameter of the central dark ring also increases.
Spin angular momentum (SAM) corresponds to polarization,
whereas OAM corresponds to the azimuthal phase. SAM to
OAM conversion has been discussed in Ref. 7. The generation
of scalar and vectorial vortex beams by using a homogeneous
anisotropic medium instead of using an inhomogeneous birefringent medium has been reported.8 The generation of higher
order OVs with topological charges of 61 and 62 have been
demonstrated by O’Dwyer et al.9 by cascaded conical diffraction using two biaxial crystals and recently by Zhang et al.10
using cascaded acoustically driven vector mode conversion.
Special attention is paid to the second harmonic generation using uniaxial crystals as Bessel beams hold significant
potential in nonlinear optics.11 The interference pattern due
to the circular polarized Gaussian beam propagating along
the optic axis of the uniaxial crystal has been observed experimentally and theoretically.12 The experimental generation of
the first order Bessel beam by the interference of cosine and
sine components has been performed using a Mach-Zehnder
set up.13 As reported by many researchers, conventional vortices can be generated by the Fourier transform of a Bessel
beam, and the ring diameter depends on the topological
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charge. But the challenge requiring ring diameter to be independent of topological charge is the generation of a perfect
vortex as demonstrated theoretically and verified experimentally in Ref. 14.
OV beams are often employed for the generation of surface plasmon polaritons (SPPs).15 Surface plasmon resonance (SPR) occurs for p-polarization under the attenuated
total reflection (ATR) coupler mode, satisfying phase matching conditions.16 Parameter like reflectance-dip/transmittance-peak/phase-jump at resonance is very sensitive to
change in the optical properties of the analyte in the vicinity
of the metal surface and has been extensively used for nanoplasmonic sensing.17
Efficient coupling of the incident energy to the surface
plasmon (SP) mode can be ensured by optimum choice of
metal layer thickness18 in a conventional Kretschmann structure. The phase detection based SPR interferometric technique
provides higher resolution. In this context, phase response
curves for different oxygenated hemoglobins have been analyzed, and the minimum detectable refractive index (RI) of
order of 108 RIU has been theoretically achieved by us. We
have reported SPR modulated radially sheared interference
imaging using a birefringent lens (BL).19,20 The main components used in our approach were BL and Wollaston prism
(WP) to generate plasmonic moire surfaces without going into
the complicated fabrication process of sub-wavelength grating
generally employed for the generation of such nano-patterns.21
Advantages of Bessel beams in applications such as
microscopy and imaging are equally applicable to SPR excitation and related applications. First experimental surface
plasmon polariton excitation using a zero order Bessel beam
has been reported by Kano et al.22 A detailed theory of evanescent Bessel beams via surface plasmon excitation with a
tightly focused radially polarized beam is presented in Ref.
23. The dark ring confirming SPR excitation and decaying
nature of the evanescent Bessel beam have been reported by
collection mode near-field scanning optical microscopy.24
Kurilkina et al.25 have analyzed different types of surface
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FIG. 1. Simulated (a) zero and (c) first
order Bessel beams. The corresponding
intensity curves of (a) and (c) are shown
in (b). Contour plots of (a) and (c) are
shown in (d) and (e), respectively.

plasmon polariton based symmetric and asymmetric
“dielectric-metal-dielectric” structures.
In this letter, we propose and experimentally demonstrate an unconventional approach to generate a higher order
vortex through the combination of an axicon pair and a BL.
The cylindrical beam carrying OAM is also experimentally
demonstrated. To further validate our proposed approach in
plasmonic modulation, a WP is adopted to decompose the
resultant beam into two orthogonally polarized beams. The
proposed method opens an unconventional window to generate OVs using axicon-BL combination.
Mathematical description for a cylindrical vector beam is
well established.26 For the benefit of general readers, it is necessary to include generalized formulation on which our simulations are based. The electric field of the Bessel beam in the
vicinity of the focus can be calculated with the Richards–Wolf
vectorial diffraction theory.27 The amplitude of the electric
field follows a Bessel function in the radial coordinate, modulated by an azimuthal phase variation Eðq; /; zÞ / Jl ðkq qÞ
exp ðikz zÞ exp ðil/Þ, where Jl is the lth order Bessel function,
kq and kz are the radial and longitudinal wavevectors, where
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k ¼ kq2 þ kz2 ¼ 2p=k (k is the wavelength of the electromag-

netic radiation), and q, /, and z correspond to the radial, azimuthal, and longitudinal components, respectively. Here, kq
determines the spacing of the Bessel beam rings, and the azimuthal index, l, determines both the order of the Bessel beam
and the azimuthal phase variation.1,28
Theoretically computed zero-order and first-order
Bessel functions along with intensity distributions are shown
in Figure 1. The zero-order beam has a bright central maximum as shown in Fig. 1(a), whereas the first-order beam has
a dark centre shown in Fig. 1(c). The 2D profile (Fig. 1(b))
and 3D contour profiles (Figs. 1(d) and 1(e)) are computed
for zero and first order Bessel beams, respectively.
Fig. 2 shows the schematic of the setup for the generation
of a zero order Bessel beam. The expanded collimated
Gaussian beam (He-Ne laser, k ¼ 632.8 nm) is passed through
a polarizer whose transmission axis is at 45 followed by a
quarter wave plate (QWP) whose fast axis is vertical, thus
generating a circularly polarized beam. The axicon-generated

Bessel beam is focused on to the hypotenuse surface of an
Aluminium(Al)-coated BK7 glass prism using a zoom lens.
The reflected divergent beam is focused onto the WP with the
help of a lens. Two mutually orthogonal beams emerging
from the WP are passed through an analyzer and a lens and
finally captured on a CCD. We have used the WP with its
axis adjusted in order to laterally separate the p- and spolarization. Then transmission axis of the analyzer is
matched with the transmission axis of the WP. The purpose of
using the analyzer is just to reduce the intensity of the pattern.
The electric field of the generalized plane cylindrical
beam can be written as26
 u; zÞ ¼ Eq e^q þ Ez e^z þ Eu e^u :
Eðq;
(1)
The field components in the radial, azimuthal, and propagation directions are Eq ; Eu ; Ez , respectively, which are
given as29
ða
Eq ðq; u; zÞ ¼ A cos1=2 h sin 2h J1 ðkq sin hÞ eikz cos h dh
0

ða

¼ 2A cos1=2 h sin h cos h J1 ðkq sin hÞ eikz cos h dh;
0

(2)

FIG. 2. Schematic diagram for the generation of a Bessel beam using an axicon illuminated with a Gaussian beam. (b) Experimental setup for the generation of a zero-order Bessel beam for plasmonic modulation.
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ða

Eu ðq; u; zÞ ¼ 2A cos1=2 h sin h J1 ðkq sin hÞ eikz cos h dh; (3)
0

ða

Ez ðq; u; zÞ ¼ 2iA cos1=2 h sin2 h J0 ðkq sin hÞ eikz cos h dh; (4)
0

where a ¼ sin1 ðNAÞ of the objective lens. The pupil apodization function is considered to be unity. In our case, the
field distribution is in the q-z plane. Therefore,
E ¼ Eq e^q þ Ez e^z :

(5)

The phase matching condition for SPR occurrence is given
by
x
pﬃﬃﬃﬃﬃﬃ x
epr sinh ¼
c
c

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
e1 e2
;
e 1 þ e2

(6)

where epr, e1, and e2 are the dielectric permittivities of the
prism, metal, and dielectric layer, respectively, for the three
layer SPR configuration and h is the incident angle in the
prism.
In order to incorporate the SPR effect in the beam, the
transmission coefficient of the p-polarization at the incident
angle of h, i.e., tp ðhÞ, is to be accommodated within the
integral.22
Then,
ða

Eq ðq; u; zÞ ¼ 2A cos

1=2

h sin h cos h tp ðhÞ

0

 J1 ðkq sin hÞ eikz cos h dh

(7)

and
ða

Ez ðq; u; zÞ ¼ 2iA cos1=2 h sin2 h tp ðhÞ J0 ðkq sin hÞ eikz cos h dh:
0

(8)
The change in the ring pattern due to SPR excitation as
shown in Fig. 3 was observed using the setup described in
Fig. 2. It is seen that two annular beams are formed after
passing through the WP corresponding to two orthogonal
polarization components. For the beam reflected from the
uncoated prism satisfying the resonance angle, annular
beams are found to remain unaltered, whereas for a 38 nm
Al-coated BK7 prism, one annular ring disappears under the
same conditions as shown in Fig. 3(a).
In our case, the incident circular polarized beam comprises of equal amplitude p- and s-polarization components.
After passing through the axicon, the generated Bessel beam
contains both radial polarized (RP) and azimuthal polarized
(AP) components. Comparing p- and s-polarization with the
RP and AP beams, both p- and RP beams are TM polarized,
while s- and AP beams are TE polarized. When a beam (containing both orthogonal polarized components) is used to
excite SP in a common optical path, only the reflected light

FIG. 3. (a) Experimental images for uncoated and Al coated BK7 glass
prisms for the SPR angle at (left) the plane of the prism from where the
beam is emerging and (right) actual imaging plane. (b) Experimental images
for the Al coated BK7 glass prism for three different incident angles.

due to the p-polarized component carries the information of
SP excitation. The Bessel beam is advantageous compared to
the conventional circular polarized beam due to certain
unique properties such as smaller focus spot and higher coupling efficiency. The resonance parameters of the three-layer
Kretschmann configuration can be calculated using Fresnel
equations and the characteristic transfer matrix (CTM)
method.30 Different glass prisms can be used depending
upon the working wavelength. The higher index substrate
and higher wavelength provides higher field enhancement.31
Here, the reflectance and phase response have been simulated for a wavelength of 632.8 nm as shown in Fig. 3(b).
Three annular ring patterns have been captured for three different incident angles, which are indicated in the reflectance
and phase response plots. The middle pattern corresponds to
the SPR angle where the p-polarized annular ring is found to
be absent. In all the three cases, the annular ring that corresponds to s-polarization remains almost the same.
Next, we present an unconventional generation of the
OAM-carrying OV beam. Our approach is to convert impinging circularly polarized light to an OAM state by using
an axicon pair and a BL as shown in the modified set-up in
Fig. 4. The actual snapshot is shown in Fig. 4(a), and the corresponding schematic diagram is shown in Fig. 4(b). The generation of a dual annular beam is shown in Fig. 4(c). We can
notice from this figure that a dual annular beam consists of
two cylindrical beams with different angular spreads. The BL
with an uniaxial medium has been used for introducing the
phase delay between the ordinary (o-) and extraordinary (e-)
waves. As the dual annular beam is theta dependent, for each
value of theta, the refractive index (RI) of the e-wave changes
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FIG. 6. Dual annular pattern captured beyond the WP at the SPR angle for
(a) the uncoated prism and (b) the 30 nm Al coated prism. (c) Selection of
polarization components using an analyzer for the uncoated prism. (d) Dual
annular pattern for the 38 nm Al coated prism under the same SPR angle.
FIG. 4. (a) Actual snapshot of the experimental setup, (b) modified schematic diagram of the experimental setup for the generation of an optical vortex beam, and (c) ray diagram of dual annular beam formation using an
axicon pair.

with the corresponding change in birefringence, and this is
where the introduction of the azimuthal phase comes into
play.
Experimental generation of the dual annular beam by
using a pair of identical axicons is shown in Fig. 5(a). The
spiral fringe pattern observed with the help of an analyzer
after the BL confirms the presence of OAM in the OV beam.
In fact, this is only possible due to the BL, which can be
looked upon as a “mode converter” as the input dual annular
Bessel beam is transformed into a higher order Bessel beam
carrying OAM. It is quite well-known that the number of spiral patterns represents the order or the topological charge of
the vortex, and its direction of rotation decides its sign. Here,
we have generated the topological charge of 1 as confirmed
by one spiral pattern (Fig. 5(b)). The theoretically simulated
counterpart of the spiral pattern is shown in Fig. 5(c).
Next, we proceed to realize SPR modulation using the
generated OV beam. A pair of dual annular beams having
orthogonal polarizations is generated using a WP as shown
in Fig. 6(a) for an uncoated BK7 glass prism. Here, two rings
of different radii are not because of different topological
charges. Both correspond to the same topological charge of
order 1. The vortex beam of two rings is different from conventional generation of the vortex beam as it is generated by
an axicon pair. Figure 4(c) shows how two rings of different
radii are generated. The selection of individual orthogonal
polarization by using an analyzer is illustrated in Fig. 6(c).

Moreover, to emphasize the importance of the optimum
metal thickness, a 30 nm Al-coated prism (less than optimum
thickness) has been used, and we have noticed that orthogonal polarization related information is present but one component is less intense than the other due to lower coupling as
shown in Fig. 6(b). On the other hand, one annular beam
completely disappears for the 38 nm Al-coated BK7 glass
prism (Fig. 6(d)), which reveals 100% coupling of the ppolarized component to the SPP mode.
In conclusion, we proposed and experimentally demonstrated an unconventional approach to generate a vortex
beam. The uniqueness of the proposed method lies in the
combined contribution of the axicon pair and BL and the
superposition of two orthogonal polarized light beams. The
polarization distribution gets modulated due to SP excitation.
As our work provides an alternate method to generate an OV
beam, it opens a different field of research to be explored for
future practical applications in the field of nanophotonics.
The axicon provides the most efficient method of realizing
diffraction-less beams. It is already reported that the diameter of the central spot of the Bessel beam is narrower than
the first dark ring of the Airy pattern.30 Thus, it provides better resolution in imaging applications. The use of an axicon
proves to be advantageous in applications involving scanning.32 Non-contact surface profilometry using SPR modulated moire interferometry has already been proposed and
reported by us.33 In future, Bessel beams can be used instead
of Gaussian beams in such an application with the added
advantages offered by the present technique.
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FIG. 5. (a) Dual annular pattern captured after axicon pair, (b) spiral pattern
formation after the BL, and (c) spiral pattern by theoretical simulation.
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