Generating and measuring non-diffracting vector Bessel beams
A. Dudley*a, Y. Lib, T. Mhlangaa, M. Escutib and A. Forbesa.
a
CSIR National Laser Centre, P.O. Box 395, Pretoria 0001, South Africa.
b
Department of Electrical and Computer Engineering, North Carolina State University, Rayleigh,
North Carolina 27695, USA.
ABSTRACT
We demonstrate how to create non-diffracting vector Bessel beams by implementing a spatial light modulator (SLM) to
generate scalar Bessel beams which are then converted into vector fields by the use of an azimuthally-varying
birefringent plate, known as a q-plate. The orbital angular momentum (OAM) of these generated beams is measured by
performing a modal decomposition on each of the beam’s polarization components. This is achieved by separating the
circular polarization components through a polarization grating (PG) before performing the modal decomposition. We
investigate both single charged Bessel beams as well as superpositions and the results are in good agreement with theory.
Keywords: vector fields, Bessel beams, orbital angular momentum.

1. INTRODUCTION
Polarization is a fundamental and well-studied property of light. Most investigations assume optical modes of spatially
homogeneous polarization (such as linear, circular and elliptical), however studies into unconventional or spatially
inhomogeneous polarization states are becoming more popular. Modes with spatially varying polarization states can be
classified as having a cylindrical symmetric polarization, commonly referred to as cylindrical vector (CV) beams [1],
which consist of radial, azimuthal and a linear superposition of the two to form generalized cylindrical polarization.
Developments in CV beams have been reviewed in numerous publications [1-4]. In the cross-sectional profile
of these CV beams, the local polarization state is linearly polarized at different orientations, resulting in them occupying
the equator on the Poincare Sphere. However, a more general type of vector beam (Full Poincare (FP) beams), whose
local polarization state spans the entire surface of the Poincare sphere, has recently been proposed [5]. Various methods
of generating vector beams have been developed from laser gain media [6, 7], optical fibres [8], radial polarization
converters (such as q-plates) and liquid crystal displays [9, 10]. The unique properties of CV beams such as tight
focusing under high numerical-aperture focusing has given rise to many applications ranging from spectroscopy [11],
and particle manipulation [12]. These beams have also been shown to be more resilient to atmospheric turbulence [13]
proving useful in remote sensing and free space optical communication.
This concept of spatially inhomogeneous polarization can be combined with a scalar vortex field that has a
helical phase structure around a singular point [14], to produce vector vortex beams [15-19]. These scalar vortex fields
which carry orbital angular momentum (OAM) have an azimuthal angular dependence of exp(ilθ) [20, 21] where l is the
azimuthal index and θ is the azimuthal angle. Propagation-invariant scalar modes which are OAM-carriers are higherorder Bessel beams [22-25]. These modes have found applications in optical tweezing [26] and quantum optics [27] due
to their invariant nature and their ability to reconstruct after encountering an obstacle [28-30]. Experimental studies into
non-diffracting vector beams have remained somewhat limited with the use of subwavelength gratings [31], polarization
grating axicons [32], and quantized Pancharatnam Berry phase elements in conjugation with an axicon [33]. Similarly,
experimental measurements of vector vortex beams are limited, consisting of over-complicated interferometric
techniques [34].
In this Letter, we present a novel yet simple procedure for the creation and detection of non-diffracting vector
Bessel beams [35, 36]. A SLM and a q-plate, which converts scalar fields into cylindrical vector fields, are used to
generate our vector vortex beams. We simultaneously detect both the polarization and azimuthal modes of our generated
modes by implementing a PG, to separate the polarization components, and a second SLM, to consequently perform an
azimuthal modal decomposition. Although this technique is tested with single-charged Bessel beams and superpositions,
it can easily be extended to other OAM-carrying modes. We suggest that non-diffracting vector Bessel beams will
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prove useful in realising hyper-entanglement due to their coupling between polarization and OAM, as well as increased
bandwidth in optical communication systems as they are more resilient to atmospheric turbulence [13].

2. CONCEPT AND EXPERIMENTAL SETUP
To illustrate the concept for both the generation and measurement procedures, we mathematically describe a generalized
superposition of Bessel beams in terms of its azimuthal (l) and polarization components (described by making use of the
standard Jones matrix notation). Initially, a scalar Bessel beam is generated whose electric field is generalized as

 1
u( r , ϕ , z = 0) = ∑ J l ( k r r ) exp(ilϕ ) ,
l
 1

(1)

where Jl(.) is the first order Bessel function; kr is the transverse wave-vector and the matrix denotes linear polarization.
To convert this scalar field into a CV field, we introduce an azimuthally-varying birefringent plate, known as a q-plate,
which performs the following transformation on the azimuthal (l) and polarization components

1
1
1
exp(ilϕ )  → exp(i (l + Q )ϕ )  + exp(i (l − Q )ϕ ) ,
1
− i
i

(2)

thus producing a vector Bessel beam, whose electric field is generalized as

1
 1
u( r ,ϕ ) = ∑ J l + Q (k r r ) exp(i (l + Q )ϕ )  + ∑ J l − Q (k r r ) exp(i (l − Q )ϕ ) .
−
i
l
  l
i 

(3)

Here Q corresponds to the azimuthal charge introduced by the q-plate (Q = 2q) and the matrices correspond to left- and
right- circular polarization, respectively. From Eq. (3) it is evident that the mode consists of orthogonal circular
polarization components, of opposite azimuthal index, thus rendering a vector vortex beam. Subsequently, a polarizer
(whose transmission axis is set at an angle of θ with respects to the +x-axis) can be used to filter specific polarization
states, resulting in the intensity profile of the field being described as
2

2





I ( r , ϕ , θ ) =  ∑ J l +Q ( k r r )  +  ∑ J l −Q (k r r )  + 2∑ J l +Q (k r r ) ∑ J l −Q (k r r ) cos(2θ + 2Qϕ ).
l
l
l

l


(4)

To perform a measurement of the polarization and azimuthal components of the generated field it is evident
from Eq. (3) that the field can be separated into its left- and right-circular polarization modes. These polarization modes
are sorted with the use of a PG, which acts as a polarizing beam-splitter for left- and right-circular polarization. The field
after the PG is

∑ l J l + Q ( k r r ) exp(i (l + Q )ϕ )
u( r,ϕ ) = 
,
 ∑ l J l − Q (k r r ) exp(i (l − Q )ϕ )

(5)

in the output ports for left- and right-circular polarization, respectively. Since any optical field can be mathematically
expressed in terms of modes, constituting of orthogonal basis functions, once the modes have been sorted according to
their polarization, the weightings (cl) of their azimuthal modes are extracted by performing an azimuthal decomposition
by means of an inner-product

cn = u, t n = ∫∫ ut n* dxdy

(6)

Here u denotes the field of interest as described in Eq. (5) and tn = exp(inφ) is termed the match-filter. When the
azimuthal mode index, n, of the match-filter, tn, is the complex conjugate of one of the azimuthal modes present in the
field of interest, described by Eq. (5), the weighting of the azimuthal mode, cn is non-zero. In the case that the azimuthal
mode index, n, is not the complex conjugate of one of the azimuthal modes present in the field of interest, the weighting
cn is zero.
The experimental setup for generating and measuring non-diffracting vector Bessel beams is depicted in Fig. 1,
highlighted by divisions 1 and 2, respectively. To generate various superimposed scalar Bessel beams, as described by
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Eq. (1), an expanded HeNe laser beam (λ ~ 633 nm) was directed onto the liquid crystal display of a SLM, labelled
SLM1. These fields were generated in a similar approach to Durnin's ring-slit aperture method [22], implemented
digitally [37] on SLM1 (Holo-Eye, PLUTO-VIS, with 1920 x 1080 pixels of pitch 8 um and calibrated for a 2π phase
shift at λ = 633 nm) with the use of complex amplitude modulation [38-40].
The beam plane of SLM1 was relay imaged (lenses L1 and L2) onto a second SLM (SLM2, same specifications
as SLM1) which was used to find the weightings of the azimuthal modes by performing the inner-product measurement
as described in Eq. (6). An aperture in the Fourier plane of SLM1 was used to select the first diffraction order and block
all remaining ones. A q-plate, performing the transformation described in Eq. (2), was placed within the imaging system
so as to convert the scalar Bessel fields into cylindrical vector Bessel fields. Since SLM1 is responsive to only
horizontally-polarized modes and the q-plate requires an initial linearly-polarized mode in order to produce a
superposition of opposite handed azimuthal modes ((l - Q) and (l + Q)) in orthogonal circular polarization states, a
polarizer was introduced before the q-plate to rotate the horizontal polarization into linear polarization.
Before the azimuthal modes were extracted in division 2 of Fig. 1, a PG was introduced to diffract left- and
right-circular polarization components into two separate ports. The PG was aligned appropriately so that the port
containing the left-circular polarization modes were incident on SLM2 so as to extract their azimuthal modes. Later, the
PG was adjusted to direct the right-circular polarization modes onto SLM2 for the execution of their azimuthal
decomposition.
The inner-product (given in Eq. (6)) was executed experimentally by directing the modes onto the match-filter,
encoded on SLM2 and viewing the Fourier transform, with the use of lens L3, on the CCD (Spiricon Beam-Gage,
SP620U). The match-filter, an example of which is given in Fig. 1 (e), consists of an azimuthally-varying phase,
exp(inφ). For this particular example the weighting of the azimuthal mode, n = 3 (i.e., c3), is being measured. By
adjusting the azimuthally-varying phase, various azimuthal weightings in the optical modes can be measured. Similarly,
SLM2 is also only responsive to horizontally-polarized modes. However, since the horizontal component is present in
both left- and right-circular polarizations, we need not introduce additional polarization optics.
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Fig. 1. (a) Schematic of the generation (division 1) and detection (division 2) of non-diffracting vector Bessel beams. SLM:
spatial light modulator; L: lens (f1 and f2 = 500 mm, f3 = 300 mm); Pol: polarizer (fast axis set vertical); A: aperture; Q: qplate; PG: polarization grating; CCD: camera. The polarization of the beam is written in red. (b) An example of a hologram
used to generate a superposition of two scalar Bessel beams of azimuthal indices l = -3 and +3. Polarizing optical
microscope photographs of (c) the q-plate and (d) the PG, both recorded between crossed polarizers. (e) An example of the
hologram used as the match-filter to detect the azimuthal index l = +3.

Proc. of SPIE Vol. 8999 89990K-3
Downloaded From: http://spiedigitallibrary.org/ on 06/30/2014 Terms of Use: http://spiedl.org/terms

3. RESULTS AND DISCUSSION
Scalar single-charged Bessel beams as well as superpositions were generated with SLM1 and an example of the nearand far-field for each is shown in the top row of Fig. 2. Figure 2 (a) ((c)) contains a scalar single-charged zero-order
Bessel beam (superimposed Bessel beams of azimuthal indices l = -2 and +2), as described by Eq. (1) and recorded at
plane P1 in Fig. 1 and its corresponding far-field depicted in (b) ((d)). In the case of the superposition, the azimuthal
indices are of equal magnitude, but opposite handedness resulting in the predicted petal-structure, where the number of
petals is denoted by 2|l| [37]. The fields entering the q-plate are linearly polarized (an equal weighting of left- and rightcircular polarization), resulting in the left-circular component being converted to the right-circular component, while
decreasing the azimuthal component by a unit charge of OAM. The reverse procedure takes place on the right-circular
component, converting it to left while simultaneously increasing the azimuthal component by a unit charge of OAM. The
resulting field after the q-plate is presented in Fig. 2 (e) and (g), which was recorded at plane P2 in Fig. 1 and is
described by Eq. (3). This field is a non-diffracting vector Bessel beam whose polarization is radial (i.e. it consists of
both left- and right-circular polarizations). In the case of the of the zero-order Bessel beam, the OAM associated with the
left-circular component increases by an unit charge of OAM (while the right-circular component decreases by a unit
charge of OAM) thus producing a superposition of two Bessel beams of azimuthal indices l = -1 and +1, illustrated by
the 2 petals (2|l|) in Fig. 2 (e).
Similarly, the superimposed Bessel beams of azimuthal indices l = -2 and +2 becomes a superimposition of
Bessel beams of azimuthal indices l = -3;-1 and +3 after the q-plate as illustrated in Fig. 2 (g) (l = -2 → -1 and +3, while l
= +2 → -1 and -3). The corresponding far-fields of Fig. 2 (e) and (g) are given in (f) and (h). The inserts in Fig. 2 (e) and
(g) display the individual left- and right-circular components recorded at plane P3 in Fig. 1 which can be described by
Eq. (5). The top (bottom) insert in Fig. 2 (e) contains the left- (right-) circular component which is a Bessel beam of
azimuthal index l = +1 (l = -1). Similarly, the top (bottom) insert in Fig. 2(g) contains the left- (right-) circular
component which is a superposition of Bessel beams of azimuthal indices l = -3 and +3 (l = -3 and -1) denoted by the
four-lobe (l1 + l2) petal structure. The corresponding far-field experimental images, for the left- and right-circular
components, are given as inserts in in Fig. 2 (f) and (h). Here the number of singularities in the far-field is denoted by 2|l|
or l1 + l2 (the same as the number of petals) [41]. The polarizer (positioned before the q-plate in Fig. 1) was rotated to
illustrate that the intensity profile of the vector Bessel field rotates in agreement with Eq. (4) and can be viewed in Fig.4
of Ref. [35].

Fig. 2. Experimentally recorded (a) ((c)) near- and (b) ((d)) far-field intensity profiles of the scalar single charged Bessel
beam of azimuthal index l= 0 (superimposed scalar Bessel beams of azimuthal indices l = -2 and +2). Corresponding
experimental (e) ((g)) near- and (f) ((h)) far-field intensity profiles of the cylindrical vector Bessel fields recorded after the
q-plate. Inserts denote the corresponding left- (top) and right-circular (bottom) polarization components. Red arrows denote
the polarization direction.

An azimuthal decomposition was performed on each polarization component of the generated non-diffracting
vector single-charged Bessel beams and the results are depicted in Fig 3 (blue) and (green) for the left- and right-circular
components, respectively. The measurement of the azimuthal indices, presented in Fig. 3 (blue) ((green)), illustrates that
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the scalar single-charged Bessel beams incur an increase (decrease) in their OAM when passing through the q-plate
given by the diagonal occurring below (above) the centre diagonal, marked by the red dotted line, as expected from the
transformation in Eq. (2).
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Fig. 3. Relative fractions of the correlation signals for match-filters ranging from l = -6 to +6 for initial scalar single-charged
Bessel beams ranging from l = -5 to +5 for both the (blue) left- and (green) right-circular polarization components. Inserts: l
= 1 and l = -1 Bessel beams after the q-plate associated with left- and right-circular polarization components, respectively.

4. CONCLUSION
In conclusion, we have shown an experimental realisation of non-diffracting vector Bessel beams with a simple method
that requires only two optical elements: a SLM for the creation of the scalar fields and a q-plate for the conversion into
cylindrical vector vortex fields. We detected the polarization of the generated field with the use of a PG, as well as their
azimuthal modes by performing an azimuthal modal decomposition with a second SLM and a Fourier transforming lens.
We were able to extract the azimuthal modes present in the non-diffracting vector Bessel beams with high accuracy and
in good agreement with theory. Having the ability to simultaneously control both the polarization and OAM degrees of
freedom will prove useful in hyper-entanglement systems, especially those that would benefit from the non-diffracting
and self-reconstructing properties of Bessel beams as in the case of long-range communication.
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