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Abstract: We propose a novel design to produce a free space diffractionless
beam by adiabatically reducing the difference of the refractive index between
the core and the cladding regions of a single mode tapered slab waveguide. To
ensure only one propagating eigenmode in the adiabatic transition, the
correlation of the waveguide core width and the refractive index is
investigated. =~ Under the adiabatic condition, we demonstrate that our
waveguide can emit a diffractionless beam in free space up to 500
micrometers maintaining 72% of its original peak intensity. The proposed
waveguide could find excellent applications for imaging purposes where an
extended depth of field is required.
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1. Introduction

Diffractionless beams with large depth of focus (DOF) have significant applications in three
dimensional biomedical imaging, such as optical coherence tomography (OCT) and single
plane illumination microscopy (SPIM) [1-2]. For two dimensional imaging, the image
resolution in the transverse plane (x-y) is determined by the beam size r(x,y) on the focal plane
at the distance z. For three dimensional imaging, to keep the same image resolution in a light
propagation interval Az inside the sample, an invariant beam size along the z-axis is required.
In other words, the longitudinal image resolution is limited by the DOF of the beam.

Many efforts have been made so far to increase the DOF in different optical systems. Most
of the techniques focus on modulating the phase transmission function over the lens [3-5], or
the wavefronts coding [6]. The use of cylindrical or plasmonic lenses can provide high image
resolution, but their DOFs are not large enough for deep bio-medical imaging [7-8]. Optical
power-absorbing apodizers can offer larger DOF, but the drawback of losing the incident
energy alternately reduces the image resolution and can be only applied to strong illumination
sources [9]. Typically, the diffractionless Bessel beams produced by axicons or Fabry-Perot
interferometers or holograms [10-13] are often employed to complete the task.

In this paper, we propose a novel way to generate a diffraction limited beam by varying
the refractive index adiabatically in a tapered-wave guide. Our method features a very simple
and tiny structure, which can be directly applied to, for example, SPIM as illustrated in Fig. 1.
Simulations demonstrate that the proposed design achieves a high diffractionless beam with
propagation distance up to 500 wm, while maintaining 72% of its original peak power without
any micro-lens attached. We will first address the theoretical background of eliminating
diffraction by reducing the index difference in the equivalent phase aperture. Next we will
consider the condition of producing such diffractionless beam by adiabatic transition of
eigenmodes in a slab symmetric waveguide and numerical results will be provided. Finally
we will discuss potential applications and extensions of our work.
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Fig. 1. The application of non-diffracted beam emitted from adiabatic tapered-waveguide to
single plane illumination microscopy (SPIM).

2. Theoretical background and principle of design

Limited aperture sizes and finite wavelengths are the causes of diffraction as described by the
Huygens-Fresnel principle. The Airy pattern of light diffracted by a circular aperture of
diameter D in the Fraunhofer region gives diffraction a quantitatively description in terms of
the wavelength and aperture size. By inspecting its first zero radius Ji(x) = 1.22 fA/D, it
indicates that the beam spreads out severely if the aperture is sufficiently small compared with
the wavelength . However as pointed out by Mcleod [14], a ring aperture can form a line of
image without severe diffraction. This is later labeled as Bessel beam, which is indeed a non-
diffracted solution of the Helmholtz wave equation [15]. Basically, Bessel beams are light of
ring-patterns originally due to either the Fourier spectrum of an annular slit or the conical lens
of virtual ring structure in the far field [14] and it can be considered as the earliest scheme of
modulating the phase transmission function on the aperture to produce diffractionless beam.
Most of the other schemes today basically follow the manipulation of the phase transmission
function on different optical elements. In this paper, we turn our attention out of the Fourier
diffraction and seek for alternative approaches.

Let us first consider the beam inside a waveguide, which is the optical mode that satisfies
the boundary condition of Maxwell equations in bounded space. The wave propagating inside
the waveguide is confined in the small core region, so the lateral beam size is about the same
order of the core width. In a natural way, the waveguide generates a continuous small size
beam without the concept of focusing. However, this property is only supported inside the
waveguide. Due to the small core width and the discontinuity of the refractive index in the
facets of waveguides or optical fibers, the beams suffer severe divergence when emitted out in
free space. The challenge then is to find a way to let the beam pass smoothly through the
facet with the minimum of diffraction. For simplicity, we are particularly interested in
investigating the single-mode waveguide, since the multi-modes will create more complicated
beam profile in the transverse plane. Furthermore, we will discuss the symmetric waveguide
with examples of TE polarized wave only.

Disregarding the nature of the mode in the waveguide, the core sandwiched in the
substrate and cladding at the end of a waveguide is analog to the phase aperture in the Fresnel-
Kirchhoff diffraction theory. Hence, if we let the core refractive index n. infinitesimally
approach that of the substrate ng (the same refractive index in cladding), the phase aperture
essentially diminishes. In this way, we would expect the output beam to be diffractionless. In
this extreme condition (n. —> ng), we should first explore the possibility of the existence of a
single propagating mode. The propagating mode is decided by the wave incident angle on the
boundary of the waveguide, which should be larger than the critical angle 6. = sin'l(nslnc). In
our diminishing case, if n. —> n, then 6. —> 90°. For this situation, the propagating mode
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exists as long as n. > ng and its existence can be proved from the analytical solution of the slab
waveguide. We will label this type of waveguide as “grazing waveguide,” accounting for the
fact that the incident angle of the ray bouncing inside the waveguide is nearly 90°, i.e. almost
tangent to the boundary.

To demonstrate that the diminishing of the refractive index difference can lead to a
diffractionless beam, in Figs. 2(a) and 2(b) we compare the numerical results of the output
intensities from a single-mode waveguide and the “grazing waveguide” respectively. These
two waveguides have the same configurations and parameters except for the refractive index
value n. within the core region. In Fig. 2(a) we choose n; = 1.48, and n. = 1.5 while we let n,
= 1.4801 in Fig. 2(b). Comparing the two sets of the transverse beam intensities at z = 0, 10,
20, 50, 100 wm in Figs. 2(c) and 2(d), it is clear that the grazing waveguide generates a less
diffractive beam, which keeps above 92% of the original peak power. However, for such low
contrast of refractive index, the beam size broadens a lot as the FWHM inside the waveguide
increases from 0.70 um in Fig. 2(c) to 18.81 um in Fig. 2(d). On the other side increasing the
core width w in the grazing waveguide can help reducing the beam size as clearly shown in
Fig. 3(b). In this case, the FWHM is reduced to 7.38 um with w = 5.4 um while keeping the
same parameters as in Fig. 2(b).
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Fig. 2. (a). Divergence of beam emitting from a single-mode symmetric slab waveguide into air
with incident wavelength A = 0.405 wm, core width w = 0.8 um, core refractive index n, =1.5
and substrate n, = 1.48. The waveguide length is 200 um and the propagation distance in air is
also 200 um. (b). Diffractionless beam coming out from the grazing waveguide with the same
configuration as in (a) except the core refractive index n. =1.4801. (c) Transverse beam profiles
of (a) in the air at z =0, 10, 20, 50, 100 wm respectively with intensity 1(z)/I(0) normalized to 1
at z=0. (d) Transverse beam profiles of (b) I(z)/I(0) up to propagating distance 100 xm in air
with almost constant FWHM = 18.81 um.
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Fig. 3 (a). Diffractionless beam emitting from the grazing waveguide with the same condition
as in Fig. 1 (b) but with an increased core width w =5.4 um. (b) Transverse beam profiles of (a)
I(z)/1(0) at =0, 10, 20, 50, 100 xm in air with almost constant FWHM = 7.38 um.

Although we have numerically demonstrated that the grazing waveguide can produce a
diffractionless beam, in reality it is quite a challenge to launch such a grazing mode.
Normally, the coupling loss increases with decreasing the waveguide’s numerical aperture
(NA). This loss is particularly severe for the grazing waveguide case due to the extremely
small NA (NA=[n-n1**> —>0).Therefore, our next task is to find a solution to generate the
grazing mode, which is the other part in our research.

It is known in many physical systems with operators of different eigen-problems, that if
the operator changes slowly (with time or distance or both) the corresponding eigenmode can
transform into the other without loosing the characteristics of mode. This is known as the
principle of adiabatic mode transition. Generally, the condition of adiabatic condition can be
written as [0f/0x| << f, where f is the vector of mode-characterized parameters and x is a
vector of dimensionless variables either in time- or space-domain or both. In optics the
adiabatic transitions of optical modes are typically made by variation of the material
properties or the geometrical structure. This concept has been applied to waveguide-fiber
couplers, slab-photonic crystal waveguides coupling, and volume holograms [16-18].

We utilized the adiabatic mode-evolution to change the propagating mode in a high
divergent waveguide to a diffractionless mode in a grazing waveguide. Here the Helmholtz
wave equation inside the waveguide can be written as,

d’E
ZZ

() -n k) E=0 (),

where n,; is the effective refractive index. For a single-mode symmetric waveguide the n.;
(n,w), the refractive index n(z), and the core width w(z) are related as,

I AT, ) e ),
Ny (ko) +n..(2) 5 7. W(Z){ 2 tan (7.‘.)+”}

where 7., are the transverse propagation constants in the core and substrate region
respectively. The adiabatic transition criterion can then be here expressed as

1 dnéﬁ

dz

<< Ry (0, W) 3).

ko
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Here we emphasize that it is nontrivial to select the right adiabatic process in order to
achieve a diffractionless beam. In fact to produce a high quality beam and prevent several
propagating modes mixing up, we should manage the core size and its refractive index to
remain a single-mode waveguide during the adiabatic following process at all times. This is
essential. Mathematically, if we assume that all the eigen-vectors of the Helmholtz operator
of the waveguide constitute a complete set in Hilbert space, then the space spanned in a
single-mode waveguide allows only one eigenvector with real eigenvalue (propagating mode).
But for multi-mode waveguides there are more than one such eigenvectors. Hence, an
eigenmode in single-mode waveguide propagating into multi-mode waveguide will project
itself onto several propagating modes with non-zero components. This will cause the rising of
multi-propagating-modes during the beam propagation. Therefore, the adiabatic tapered-
waveguide must be designed in such a way that in any segment of the waveguide there is
always only one propagating mode. If this condition is not satisfied the beam profile will
become complicated due to the mixing up at each propagating stage, and it will lead to a high
divergent beam at the end of the waveguide as obtained from our numerical experiment. Fig.
3(a) shows the adiabatic condition of tuning the core width w(z) and the refractive index n.(z)
with respect to the propagation distance z in a single-mode grazing waveguide. Here the ideal
continuously varying parameters w(z) and n.(z) along z are modeled by the stair-case
approximation [19], with each segment AL = 2000 um for a total waveguide length L = 46000
um (23 partitions). Fig. 4(b) shows the values of n.y (n,w) and ldng/(n.4 ko)dz that satisfy
Eq.(3) along the parametric curve of Fig. 4(a). Following this adiabatic condition we will
show in the next section the numerical results of the beam propagating in free space.
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Fig. 4. (a). The adiabatic condition for transforming the lowest eigenmode with A = 0.405 ym in
a single-mode waveguide with w = 0.8 um, n. =1.5, ny =1.48 into the diffractionless mode in the
grazing waveguide with w = 5.4 um, n. =1.4801, n, =1.48. The core refractive index n.(z) and
width w (z) are kept at constant value within every segment i with AL = 2000 um in the stair-
case approximation of 46000 um in 23 stairs. (b) Curve of effective refractive index n.; and
ldnegl Aney ko)dz obtained from Eq.(2) and (3), according to the parameters in (a).

3. Numerical results of the diffractionless grazing waveguide

For our simulations we use the Method of Line-Beam Propagation Method (MoL-BPM) [19-
20] with perfect matched layer (PML) boundary condition [21]. This method has been
demonstrated to give accurate results for beams propagating inside a multi-junctions
waveguide and into free space from abrupt-terminated waveguide facet including radiation
and absorption effects [22-23]. We modeled the continuously changing waveguide profile by
stair-case approximation. To avoid the numerical overflow during the eigen-matrices iterating
and inverting processes we used Enhanced Transmittance Matrix Approach (ETMA) to do the
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computation [24]. Theoretically, in a smoothly adiabatic process there is no reflection during
the eigenmode transformation. In the stair-case approximation, there is a negligible amount of
reflection at each interface of segment. Numerical experiments show that the total reflectivity
is almost the same as the light emitted from a normal single waveguide into the air.
Following the parameter curve of Fig. 4(a) we design the appropriate waveguide structure for
the diffractionless beam in Fig. 5(a). The simulation condition is that we started from the
lowest eigenmode in a slab waveguide with A = 0.405 um, w = 0.8 um, n. =1.5, n, =1.48 and
transform it into the diffractionless mode in the grazing waveguide with w = 5.4 um, n,
=1.4801, ny =1.48. In stair-case approximation, the core refractive index n.(z) and width w (z)
are kept at constant value within each stair i of AL = 2000 um in a total length L = 46000 um
with 23 partitions. The beam intensities inside the waveguide as well as in the air are
calculated and shown in Figs. 5(b) and 5(c) respectively. Fig. 5(d) gives the transverse beam
profile at different propagation distance z = 0, 10, 20, 50, 100, 150, 200, 250 wum in the air.
We see that Fig. 5(d) depicts similar non-diffraction feature at z = 0, 10, 20, 50, 100 um as in
Fig. 3(b) after the adiabatic transition. The non-diffracted quality of the beam can be
determined by examining the peak intensities and the FWHMs of the above beam profiles.
By setting the peak value equal to 1 at z = 0 um (calculated FWHM = 7.41 um), we obtain at z
= 100 um a peak value of 0.901 with a FWHM = 8.95 um. After propagating 100 um in free
space, the peak still keeps 90% of its value and the FWHM broadens only 20%. The grazing
waveguide indeed can emit a high diffractionless beam without any external lens attached. At
large distance z = 250 um, the peak value is 0.728, which keeps 72% of the initial intensity at
z = 0. This demonstrates the feasibility of efficient light coupling into the diffractionless
grazing waveguide by stair-case transition.

x(um)

/

um

0 500 1000 1500 2000 2500 3000 3500 4000 4600

Fig. 5. (a) Side view of the adiabatic-grazing slab waveguide, with the configuration according
to Fig. 3(a). (b) Intensities of TE wave inside the waveguide before emitting out. (c) Intensities
of beam propagating in air after emitting out. (d) The transverse profiles (cross sections) of the
beam in (c) at z = 0, 10, 20, 50, 100, 150, 200, and 250 wm respectively, with intensities
I(z)/I(0) normalized at z = 0.
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Since there is no cut-off condition for the lowest mode in a symmetric slab waveguide, we
further check the transition of propagating mode for the effective refractive index n.,r very
close to the refractive index of cladding 7. in a shorter partition length AL in the following.

Based on the adiabatic condition Eq. (3) and the waveguide structure of Fig. 5(a), we
investigate the diffractionless property of the grazing waveguide by reducing the core
refractive index n. another numerical order to 1.48001. This time we divide the waveguide
into 56 slices with each partition AL =200 pum. The parametric curve of the waveguide
configuration n.(AL) and w(AL) is plotted in Fig. 6(a). We show the results of the beam
propagation in the waveguide and air in Fig. 6(b) and 6(c) respectively. Fig. 6(d) gives the
cross sections of the intensity distribution of the beam of Fig. 6(c) at distance z = 0, 100, 200,
300, 400, and 500 um. Data clearly indicate that the peak of the beam keeps the value above
0.983 in the first 100 wm with FWHM = 14 um. Then it reduces to 0.88 at z = 200 um with
FWHM = 1595 um. At z = 500 um, the peak intensity is 0.723, i.e. 72% of its value after
emitting with a beam size with FWHM = 20.8 um.
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Fig. 6. (a). The adiabatic condition for transforming a eigenmode with 4 = 0.405 wm in a single-
mode waveguide with w = 0.8 um, n. =1.5, ny =1.48 into the diffractionless mode in the grazing
waveguide with w = 12 um, n. =1.48001, ny=1.48. The core refractive index n.(z) and width w
(z) are kept at constant value within every segment i with AL = 200 wm in the stair-case
approximation of 11200 um in 56 partitions. (b) Intensities of TE wave inside the waveguide
before emitting out. (c) Intensities of beam propagating in the air after emitting out. (d)
Transverse profiles (cross sections) of the beam in (c) 1(z)/I(0) at z = 0, 100, 200, 300, 400, and
500 um respectively.

We emphasize that the performance of the grazing waveguide is up to the precision of the
refractive index difference between the core and cladding. Practically, the change of
refractive index can reach an accuracy of 107 in a germania-doped silica-glass [25].
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4. Conclusion

In conclusion, we have introduced a new way of producing a high diffractionless beam based
on diminishing the optical phase contrast at the end of a slab waveguide. We were able to
generate such grazing mode by virtue of the concept of the adiabatic transition. Therefore, a
light sheet produced by the slab waveguide can be beneficial for many optical systems.
Furthermore, for beams coming out from the slab waveguide, a lens system is usually
employed to collimate light from diffraction. The lens system is either bulky or complicated,
which limits the application to micro-systems. On the contrary, the tiny and simple design of
the grazing waveguide provides a unique solution that can be directly integrated with other
optical instruments. The same concept can apply to an optical fiber. The generation of a
diffractionless beam by only one single optical element would be very useful in integrated
optics. For example, in bio-imaging application, the light sheet can provide uniform deeper
micro-illumination for SPIM.
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