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Abstract: A new class of all-fiber beam shaping devices has been realized by inverse etching the end
face of single mode and multimode fibers to form a concave cone tip. Concave tip fiber can convert a
Gaussian beam profile to a flat top beam profile with a uniform intensity distribution. A flat top beam
with intensity variation of approx. 5% and flat top diameter to spot diameter ratio of 67% has been
achieved. This device can also change the beam shape from a Gaussian to a donut by moving the
observation plane. A flat top multimode fiber beam delivery is attractive for applications which
require high power and uniform intensity distribution. In single mode fiber, concave tips could be
used to reduce the beam spot size diameter, enabling efficient light coupling from a single mode fiber

to an integrated optical waveguide.
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1. Introduction

Laser beam shaping has been a subject of
research over the years for many practical reasons.
On one hand a uniform intensity (flat top) profile
has found applications in laser writing, material
processing, industrial machining, photolithography,
medicine, and on the other hand mode conversion
for effective coupling of light into small size
waveguides is very important in optical
communication and sensors. Laser beam shaping
attempts go back to four decades ago, when Frieden
et al. introduced conversion of a Gaussian profile
into a plane wave of uniform irradiance [1]. Since
then several techniques have been proposed to create
a flat top and collimated beam with homogenous
irradiance, from a Gaussian beam mainly radiating

from laser [2]. These methods include filters with
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radially varying absorption profiles [3], diffractive
elements like holograms [4-6] and refractive optics
[7, 8] which convert a Gaussian to a flat top beam.
Although capable of transferring Gaussian to flat top,
these methods have their own limitations: modest
efficiency, low fabrication tolerance, alignment
control and wavelength sensitivity, to name a few.
The more recent attempts toward achieving a flat top
beam include fiber based optical beam shaping
owing to its low attenuation loss, compact design
and flexibility in delivering the laser light. Square
core jacketed air-clad fiber [9] has been proposed to
deliver flat top, high power beams using multimode
fibers. However, the cost of this kind of specialty
fiber is much higher than most standard fibers.
There have been few reports on fiber beam shaping
using all-fiber long period grating (LPG) [10-12]
and single mode abrupt tapered fibers [13]. The loss
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and wavelength dependency of LPG limit the
applications of this method.

Despite many research and development efforts
in the area of integrated optics, efficient
fiber-to-waveguide coupling remained a challenge
particularly ~ for  applications in  optical
communication and integrated optical sensors. The
coupling loss in the fiber-waveguide interface arises
from the mode mismatch between the fiber and
optical waveguide and index difference (Fresnel
loss). To resolve the low coupling efficiency
problem, several methods have been proposed,
which require various mode conversions either on
fiber side or in the integrated waveguide region.
Except for a few reported works related to fiber
mode converters [14, 15], most attempts for
improving the coupling efficiency between fiber and
waveguide have been focused on waveguide design
and geometry. These coupling methods can be
mainly categorized into: 1) vertical coupling such as
grating assisted coupling and 2) transverse coupling
which involves various spot size conversions.
E. Di Fabrizio et al. demonstrated an efficient
fiber-to-waveguide coupling method by fabricating a
diffractive micro-lens element directly on tip of the
fiber [14, 15]. In this method a 10-pm-diameter
Gaussian beam from the fiber was reshaped and
focused into a 5.2-um-diameter beam. Despite many
advantage of this method such as ease of alignment,
self-focusing property and control over beam size,
the fabrication process is complicated. This method
showed an improvement in coupling efficiency from
fiber to a waveguide, but S5-micron mode field
diameter is still very large in comparison with mode
filed diameters of many

integrated  optical

waveguides. Several have been

proposed for improving fiber-to-waveguide coupling

configurations

efficiency in very small size waveguides such as
grating coupler [16—18], micro-ring vertical coupler
[19], parabolic reflector [20], and
waveguides [21-25].

tapered

In this paper we describe a method to change the
intensity profile of an optical fiber in a controlled

way. We apply this method to generate flat and
annular output beam profiles for single mode and
multimode fibers, as well as a mode converter for
efficient coupling from a single mode optical fiber
to an integrated optical waveguide. This method is
based on shaping the fiber end tips as will be
described in the following section. We then present
theoretical and experimental results.

2.Concavetipfiber design and fabrication

Chemical etching of silica fiber has been
developed due to its wide application in near-field
optical scanning microscopy [26], fluorescence
sensors [27], and thermal probe sensors [28]. In
comparison to other etching methods, wet chemical
etching offers a simple and inexpensive fabrication
technique [29]. Chemical etching of fiber occurs due
to the reaction between hydrofluoric (HF) acid and
fused silica immersed in HF solution. It has been
shown that the addition of a germanium dopant to
fused silica changes the etching rate of dopant/silica
relative to pure silica [30].

The surface profile of fiber end face can be
controlled by several parameters such as etching
time, acid to water ratio and temperature of working
environment. There have been reports of
engineering fiber end profile in the concave form
and convex form for fiber alignment applications
[31] and fiber Fabry-Perot strain sensors [32].

For our experiments we chose single mode fiber,
SMF-28, and Infinicore 300 multimode fibers,
which both having germanium doped core. About 1
cm of the jacket from the end of each fiber was
removed, and fibers were cleaved. A setup described
by Demagh et al. [31] was used to etch the fibers’
tips (Fig. 1). Etching process was carried out in 49%
HF. Temperature was kept constant at 25 C during
the experiment. After etching, the fibers were
removed and rinsed with deionized water and left to
dry. As the reaction between HF and the core
material initiated, the fiber end changed from the
initial cylindrical form to a conical form (Fig. 2).
Initially, etching of fiber core was dominant giving
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rise to the formation of a concave cone (Fig.2(b))
while the top of this cone was centered to the axis of
the fiber core. As the diameter of the fiber decreased
due to chemical attack to the clad, the diameter of
the base of the cone widened and its top spread out,
and at the same time the etch depth increased

(Fig. 2(c)).

Translation stage
Fiber

Transparent P.S
container

HF acid

Fig. 1 Schematics of setup for chemical etching of fiber tips.

| | ‘ Diluted HF

Fig. 2 Fiber tip formation during etching process.

For a fiber with a particular dopant the final tip
shape can be designed by adjusting the HF
concentration and the etching time. Microscope
images of four etched SMFs and images of four
multimode fibers have been illustrated in Figs. 3 and
4 respectively. We will later see how the geometry
of fiber tip affects the output beam profile.
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Fig. 3 Microscope image of the tip profile of three SMFs,
after (a) 2 min, (b) 4 min, (c) 8 min, and (d) 12 min etch in the
same condition.
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Fig. 4 Tip profile of four InfiniCor 300 multimode fibers
(MMFs), after (a) 2 min, (b) 3 min, (c) 10 min, and (d) 15 min

etch in the same condition.

3. Mode conversion in single mode fiber
using concave tip fiber

Figure 5 shows the schematic configuration of
the core-etched and core/clad-etched single mode
fibers, where W, (etch width), D, (etch depth)
and ne, correspond to the base of cone, axis of cone,
and refractive index of the etched region. We have
assumed two cases: 1) when the etched region is
confined to core only (Fig. 5(a)) and 2) where
etched area is spread to cladding as well (Fig. 5(b)).

Core Hetch

Fig. 5 Schematic of (a) core-etched smgle mode fiber and
(b) core/clad-etched SMF.
We used the Rsoft commercial package for

Wetcn

simulation, which implements beam propagation
method to solve light propagation in the single mode
fiber and free space as light exits the fiber [33]. Here
we present the simulation results where the
geometry of etched area has been optimized to form
a flat top, donut or tight Gaussian shape beam,
respectively on the tip of the fiber. In this simulation,
the core and cladding diameters and refractive
indices are Dcoe=4 pm, Depg=125 um, ngo=1.4585
and An=0.005 at wavelength of 633 nm. Figure 6(a)
shows the simulation result of output field of a
regular single mode fiber as it propagates 10;»pum in
free space (z=0 corresponds to tip of the fiber). As it
is expected, the beam has a Gaussian distribution
and maintains its profile as it propagates in free
space. The depth, width and the refractive index of
the etched region are the key parameters to
determine the intensity profile of the output beam.
Figures 6(b) and 6(c) represent the field propagation
of an etched fiber with the depth of only 0.5um at
two distances of z=3 um and z=8 um. A flat top
profile with uniform intensity distribution starts to
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form at only 3 um away from the tip and widens as it
propagates in free space and gradually an annular
beam is formed as shown in Fig. 6(c), and then
diverges. To obtain a beam profile with smaller spot
size relative to the regular single mode fiber one can
deep etch the tip and fill the etched volume with a
higher index material. Figure 6(d) represents the
beam propagation for a single mode fiber etched
with the depth of D=3 um and then filled with a
material of refractive index of 1.58. Light exiting
from the etched tip is focused tightly.
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Fig. 6 3D representation of light propagation as it exits
(a) an unetched single mode fiber (Gaussian profile), (b) and (c)
etched depth De,=0.5 um at z=3 pm and z=8 um (flat profile),
and (d) showing spot size reduction for Dei,=3 pm, Wep=4 um.

To characterize and compare the beam size
reduction properties of an etched fiber with an
un-etched SMF, we define
parameters as follows. The optical mode field
diameter (MFD) is defined as the full width at 1/e of
the maximum of the relative field intensity. The

several important

focus spot diameter is the smallest optical MFD
along the light propagation distance, and the
distance from the fiber tip to the minimum spot
position is defined as the focus distance (z)).

The mode field diameters of the single mode
optical fiber and of an integrated optical waveguide
can both be approximated by a Gaussian field
distribution [15]. For a guided step index fiber, the
spot radius W is half the MFD and defined as the
radial distance at which the field amplitude is 1/e of

its maximum. It is approximated by:

W =MFD/2=a(0.65+ 16!9 +¥) (1)

v2

where a is the fiber core radius. The term V is
defined as
V=2 anl, i) e
A
where A is the free-space wavelength, neoe and #ngjaq
are the core and cladding refractive indices, and
(GRS

fiber. Equations (1) and (2) can be used to

is numerical aperture (NA) of the

approximate the MFD as a function of wavelength:

MFDaﬂ. 3)
mNA

As demonstrated in (3), MFD is directly
proportional to wavelength. Therefore, neglecting
dispersion in fiber, core diameter, /' number and
MFD are a multiple of wavelength. In our
simulation model, we have selected a SMF with
Neore=1.46 and An=0.004, NA of 0.102, and a core
diameter of 6.34 which has to be etched and used for
coupling into a high index waveguide. To study the
focus spot parameter (MFD and position) of an
etched fiber, several etch depths and widths (as
multiple of wavelength) have been considered.
Simulations are grouped based on etch depths
wherein each group comprises of different widths
except for De,=0 which corresponds to an unetched
SMF. Note that, the control over etch depth and
width is possible by adjusting the etching time and
(HF)
experimental standpoint.

hydrofluoric dilution ratio from the

In the case of a concave tip SMF with etching
depth of 81 and n..,=1.58, the graph in Fig. 7 shows
that the value of MFD starts to fall to a minimum
amount at focus spot (z,) marked by a solid line and
rises afterward. Point z=0 corresponds to the apex in
cone of etched region, while dashed line represents
the tip of the fiber (base of cone of etch) thus
positioned at z=84=Dgy;. The minimum MFD of
44 at the distance of z=12.64 (Fig. 7) for etch width

of 164 has been achieved. MFD then increases
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sharply and reaches to the value of 5.84 at z=39.51.
The width of etched region greatly influences the
focus spot parameters such as focusing length and
MFD. The minimum MFD and focusing distance
increases with etching widths. Note that, the spot
size reduction begins inside the etched region (left
of dashed line in Fig. 7).
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Fig. 7 MFD as a function of distance from depth of etched
cone for Dy ;=8\ and different W, refractive index ng,=1.58
(solid line represents the minimum spot size location and dashed

line corresponds to the location of fiber tip).

In butt-coupling of fiber to integrated optical
waveguides in which the fiber tip is in contact with
the waveguide face, having a fiber with a flat end
face is desirable. So concave tip fiber in contrast
with the lensed fibers or fibers with diffractive
elements on the tip, is more reliable in contact with
the waveguide thus providing easy handling and
simple packaging. A concave tip fiber is easy to
align if the focusing spot (minimum spot size) forms
exactly on the tip of the fiber in contrast to the other
modified-tip fibers, which alignment plays an
important role in order to position the waveguide
input in the focal point of the lensed fibers.

As seen in Fig.7 for an etch depth of 84 the
focal point forms at some distances away from the
fiber tip. Further simulations show that at the
etching depth of around 254, the minimum spot size
location falls exactly on the fiber tip for several
etching widths (dashed line and the solid line
overlap). Graphs in Fig. 8 demonstrate the MFD
reduction property of five concave tip fibers with

Den=25A4 with five different etched widths, Wep.
The minimum MFD is achieved for W, of 50A.
Likewise our simulation reveals that for an etch
depth of 284 the minimum spot size (MFD=4/1) is
half the original beam size (MFD=8A) for W of
56 4. However, the focusing distance is less than etch
depth (z/<Detn) and the minimum spot size forms
inside the fiber. Subsequently, light starts to diverge
and as a result, MFD increases.
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Fig. 8 MFD as a function of distance from depth of etched
cone for Dy =254 and different W, refractive index
Neen=1.58 (solid line represents the minimum spot size location
and dashed line corresponds to the location of fiber tip).

A careful study of the etching parameters reveals
that the minimum MFD of 4/ is attainable for all
etching depths, by modifying the etch width. It has
been realized that the ratio between the half etch
width and etch depth (Wewen/2Dewn) has remained
constant in minimum spot size condition, which
there is

implies that for each wavelength

corresponding lens that provides minimum spot size.

4. Experimental observation of mode
size reduction in single mode fiber

The fabrication method and characterizations of
etched fibers were described in Section 2. In this
section, experimental observation of mode
conversion for several concave tip fibers will be
explained. For this experiment, we used
conventional Ge-doped step-index SMFs with
Neore=1.46 and An=0.004, NA of 0.102, clad diameter

of 125 um, and a core diameter of 4 um at
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wavelength 633 nm. Figure 3 shows the microscope
images of a few etched fibers. The output profile of
each concave tip fiber has been examined using the
experimental setup shown in Fig.9. The laser used
for this study was a He-Ne laser providing up to
20 mW power. A polarizer was inserted after laser to
provide control over injected power. The intensity
profile of fibers was imaged onto a charge coupled
device (CCD) camera using a 20x lens and
measured by commercial laser beam profiler
software. The images obtained with the CCD camera
for un-etched SMF and etched fibers with various
etching depths and widths are shown in Fig. 10. Our
experimental measurement matched theoretical
predictions very well as depicted in Fig.11. In this
figure a comparison is made between the results
from simulation (solid line) and experiment (data

points) for five particular fibers for given parameters

]

| A
He-Ne laser Optical fiber
A=633 nm

Lens,10x .
| . \W CCD camera

Variable
attenuator

at wavelength 633 nm.

Computer

Lunching

Fig. 9 Schematic of the experimental setup.

(a) (b) ©) (CY)

Fig. 10 Intensity distribution profile of (a) unetched SMF,
(b) Ween* Deer=16x5un1>, and (c) 28x11pum?, and (d) 80x18um>
imaged at their corresponding focal length (71¢,=1.58).

Concave tip fiber behaves like a fiber with
micro-lens at the tip, but unlike spherical micro-lens,
the fiber end face remains flat therefore contact
alignment with an integrated optical waveguide
would be possible. Here we give an analysis for the
butt-coupling from concave tip fibers and two high

index contrast integrated optical waveguides (e.g.

silicon-on-insulator (SOI) and silicon oxynitride
(SiON) sandwiched between SiO, layers), the end of
which is in contact with the tip of the fiber.

+ Experiment

——Poly. (Theory)

0 4 8 12 16 20
Etch depth (micron)

Fig. 11 Simulated and measured MFD for different etch
depths.

First, we present a waveguide structure based on
SOI. A single mode Si waveguide with the width of
Wy=450 nm and refractive index of ng=3.5 and
cladding index of ng, =1.444 for a wavelength of

1550nm has been considered. The top Si layer of the
SOI wafer is 250nm thick. In our simulation model,
we have used a SMF with n=1.444, An=0.007,
NA of 0.143, and a core diameter of 5.31 which has
to be etched and used for coupling into a high index
waveguide. Simulations show that for etching depth
of around 174, the minimum spot size location falls
exactly on the fiber tip for several etching widths.
The minimum MFD of 3.14 equivalent of 4.8 um at
wavelength 1550 nm is achieved corresponding to
Weteh Of 26 1.

The coupling loss is defined as the transition loss
from the field distribution at the junction to the
fundamental mode of the single mode SOI
waveguide. A typical single mode fiber at 1550 nm
wavelength region has the MFD of around 9 um.
When simply butt-coupling the fiber and nanometers
size SOI waveguide, the coupling efficiency from
the fiber to the waveguide is only 0.8%, indicating a
loss of 20.6 dB. However, the concave tip fiber
method can achieve a much closer match between
the MFD of waveguide and fiber thus improving the
coupling efficiency.

As mentioned above, it is possible to obtain
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minimum spot size on the fiber’s tip, which makes it
suitable for butt-coupling application. Plot in Fig. 12
represents the coupling loss vs. MFD while coupling
into the SOI waveguide with above dimensions,

width wy,,=450 nm and refractive index of ng;=3.5,
cladding index of ng, =1.444. In this figure, the

dashed-dot curves represent the coupling loss of
fiber to SOI waveguide. For MFDs smaller than
9 um, the coupling loss is decreased due to the
reduced modal mismatch. Coupling loss has been
reduced from 21dB for an unetched fiber (equivalent
of MFD=9 um) to 15 dB in concave tip fiber with a
reduced MFD of 4.8 um. In order to further improve
the coupling efficiency between a nano-size SOI
waveguide and a concave tip SMF, a lateral linear
adiabatic taper [34] should be integrated with the
waveguide to gradually transform a large mode size
of fiber into a small mode size of SOI waveguide.
Combining concave tip fiber method with laterally
tapered waveguide scheme improves the coupling
efficiency from 1% to 48% or the loss will drop
from 21 dB to 4 dB. This
improvement and will have major impact on the

is a significant

implementation of integrated optical devices in the
areas of sensing and communication.

22

20 e -—

18 e~ — .
2 16 i SOI waveguide
2 14 il _ _ SOI taper
g1 5 pmx50 pm
%D 10 =——=SiON waveguide
—% L —
S 6 ST e

4 -

2 _—_/

0

4 5 6 7 8 9 10

MFD (micron)

Fig. 12 Simulated and measured MFD for different etch
depths.

We have also observed major improvement in
coupling light from fiber to SiON waveguides.
SiON is

integrated circuits, as

a promising candidate for photonic
it can be conveniently
deposited with chemical

low-pressure vapor

deposition or plasma enhanced chemical vapor

deposition and has good optical properties around
1550 nm. Its refractive index can vary from 1.45 to 2.
Thus, for a SiON waveguide enclosed in silicon
dioxide, both the width and thickness of the
waveguide can be micron scale for single mode
propagation. We have considered a similar approach
for coupling light from a single mode fiber to SION
waveguide. A SiION waveguide with wy,=2.5 um,

refractive index of n...= 1.49, and cladding index of
ng, = 1.445 at a wavelength of 1550 nm has been

considered here. Our results show the coupling loss
will be reduced from 3.5 dB to 1 dB, which is
equivalent to improving the coupling efficiency
from 45% to 80%.

5. Experimental observation of beam
shaping using concave tip single mode
fiber

In Section 3, we theoretically demonstrated that
concave tip SMFs with submicron etch depth can
transform a Gaussian shaped beam into a flat top
with a uniform intensity distribution while a micron
size etch concave tip fiber creates a donut profile
with a low intensity in the center. Here, we present
the experimental result demonstrating the output
behavior of two concave tip SMFs etched with
different etched depths.

Two pieces of Ge-doped core SMFs (at 633 nm)
have been selected for this experiment and a similar
procedure as described in Section 2 was carried out
for etching the fiber. These fibers were in 49% HF,
diluted with water for 3 min and 4 min respectively.
The output profile of each fiber was examined and
compared with an unetched SMF using the setup
shown in Fig. 9. In order to image the output profile
of the fiber tip into a far-field, the position of fiber
end-face was at the focal plane of a 40x objective
lens.

As shown in Fig. 13(a), the intensity distribution
of a step index Ge-doped core SMFs is Gaussian
while the output beam profile of fiber that is etched
for 3 min produces a flat top beam with uniform
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intensity (Fig. 13(b)). In order to estimate the
flatness of a beam we have chosen full width-half
maximum (FWHM) method. The flatness is defined
as the ratio of flat diameter (measured from 96% to
100% of the relative power level) to spot diameter
(measured at 50% of the relative power level)
[10-12]. A flat top beam with intensity variation of
approximately 5% and 50% of flat top diameter to
spot diameter ratio has been achieved. Intensity
distribution plot in Fig. 13(c) corresponds to the
output beam profile of the fiber that is etched for 4
min. In this case an annular beam profile has been

generated.
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Fig. 13 Image of intensity distribution profile (left) and a
plot corresponding to a vertical slice (right) of (a) unetched SMF,
(b) fiber etched for 3 min, and (c) fiber etched for 4 min.

6. Beam shaping using concave tip
multimode fiber

For a standard MMF such as InfiniCor 300 with
germanium oxide (GeO,) doped core and silica
cladding, the etching process is similar to process
described in Section 2. In this type of fibers a large
number of modes exist where ratios of their
amplitudes and phases relative to each other
randomly vary due to environmental fluctuations. In

our simulations we used random mode generator to
ensure our results represent the most general case.
We then examined the output profile of an etched
fiber using the setup demonstrated in Fig. 9. The
fiber modes were dynamically scrambled to obtain a
time average of intensity distribution [36].

The output beam profile of an etched multimode
fiber is shown in Fig. 14. Intensity distribution plot
in Fig. 14(a) corresponds to an etched MMF at
distance 0.5 mm away from the fiber. Figure 14(b)
presents the intensity distribution at the distance of
2 mm away from the fiber tip. A flat top beam with
intensity variation of approximately 5% and 67% of
flat top diameter to spot diameter ratio has been
achieved as predicted by our simulations. The
results in Fig. 14(b) demonstrate a spot size diameter
of about 0.5 mm at a distance of 2 mm away from
the fiber tip. The evolution of intensity profile after
light exiting the fiber is as follow: 1) the beam
initially makes a transition from Gaussian into a flat
top at the propagation distance of 2 mm from fiber
as illustrated in Fig. 14(b) and 2) for a very short
distance of a few microns relative to flat top plane,
the beam essentially retains its shape, with only a
slight degradation of uniformity. But at larger
distances (e.g. 2.1 mm and 2.5 mm from the fiber
tip), beam starts to diverge and a low-intensity hole
develops on the beam axis. The intensity profile at
the distances of 2.1 mm and 2.5 mm from the fiber
tip is shown in Figs. 14(c) and 14(d). This figure
clearly illustrates that as the beam expands, the
intensity at the center of beam reduces and an
annular intensity profile is generated.

Donut shape intensity distribution is particularly
useful for medical application for treatment of the
interior of hollow body organs [37-39]. There are
several methods to deliver a donut beam directly
from the fiber to the surface such as integrated
optical fiber with scattering tips or micro-lenses
[37-39], all-fiber LPG [10]
interference devices [40]. The LPG and multimode

and multimode

interference based techniques do not meet the high
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power delivery requirements. Compared to
currently-used modified tips [37-39], concave tip
fibers have several advantages such as precise
control of beam size, high transmission efficiency,
uniform intensity distribution, and low cost of

fabrication process.
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Fig. 14 Image of intensity profile (left) and its corresponding
plot associated with a vertical slice (right): fiber tip is about
(a) 0.5 mm, (b) 2 mm, (c) 2.1 mm, and (d) 2.5 mm away from
CCD camera.

In some practical applications, a flat beam might

be needed at a given distance from the fiber end face.

In order to maintain the flat beam profile in a
desired distance from end face, as a test case we
used a 20x microscope objective lens to provide a
near-field image of a flat top output from an etched
multimode fiber at a given distance from the lens. In
a test experiment we tried to generate a flat-top
beam at 3-cm distance from an imaging lens inserted
between the fiber end and camera in experimental
setup (Fig. 9). Figure 15 represents a flat beam
profile with a 1-mm diameter which has been
imaged on the CCD 3cm away from the objective
lens. A flat top beam with intensity variation of
approximately 5% and 84% of flat top diameter to

spot diameter ratio has been achieved. In
comparison with the direct image of the beam
(Fig. 14(b)), this ratio has

significantly, from 67% to 84%.

been improved
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Fig. 15 Image of intensity profile (left) and the
corresponding vertical slice (right) of a flat top beam imaged by
a 20x microscope objective lens at a distance of 3 cm away
from the lens (1=633nm).

Previously, the highest reported flat top to spot
diameter ratio was 58% using a single mode fiber
abrupt taper [12] and 50% in LPG [10, 11],
suggesting that the concave tip fibers have higher
efficiency in delivering a uniform intensity, not to
mention that LPG based devices are not applicable
to high power delivery fiber system.

Our design of beam shaping optics departs from
other reported works in several important aspects.
Unlike refractive and diffractive optical elements,
our device shows high efficiency, high fabrication
tolerance, and easy alignment control. Proposed
device is wavelength insensitive and has very low
fabrication cost. In contrast to other all-fiber laser
beam shaping devices, concave tip MMFs deliver a
highly uniform beam directly from MMF which is
desired for high power laser beam
Also
characteristic of this device make it distinguished

shaping
applications. wavelength  insensitive
from other similar fiber delivery designs.

Different applications may demand different
multimode fibers, but this beam shaping technique is
applicable to any multimode fiber. Assuming that
the scattering associated with the roughness of fiber
tip is negligible, there is no other source of loss in
concave etched beam shaping device. Because beam
uniformity and efficient power delivery are desirable
in the field of medicine and industrial laser marking,



196

Photonic Sensors

proposed device can substitute the complex bulky
optical elements in these applications. By tuning the
etching time, we have shown that an appropriate
fiber tip could be made to control the beam profile
from flat to donut which is often required for some
medical applications [37-39]. We have applied this
beam flattening technique for nerve stimulation [41].
The cavernous nerves (CN) along the prostate
surface are responsible for erectile function.
Improved identification and preservation of the
CN’s is critical to maintaining sexual potency after
prostate cancer surgery. Optimal design of the fiber
optic delivery system is critical for safe,
reproducible stimulation during the surgery. In a
direct comparison of the magnitude and response
time of the intracavernosal pressure (ICP) for both
Gaussian and flat-top spatial beam profiles it was
found that the

consistently produced a faster and higher ICP

flat-top laser beam profile
response at a lower radiant exposure than the

Gaussian beam profile [41].

7. Summary

We have introduced a novel all-fiber beam
shaping device by inverse etching the tip of a
multimode fiber. Details of this realization, together
with a fabrication method and experimental results
have been presented. We have been able to achieve
a flat top beam with intensity variation of
approximately 5% and 67% of flat top diameter to
spot diameter ratio in multimode fibers. The flat to
spot diameter ratio was improved to 84% by
deploying a lens to generate a flat beam at a targeted
distance. Unlike the other proposed beam shaping
techniques, concave tip fibers have no loss
(neglecting the scattering on the fiber tip). The
operational performance of this beam shaping
device is independent of wavelength, which makes it
compatible with all kinds of lasers in different
wavelength regions. This technique is attractive for
applications which require high power, uniform

intensity distribution delivered directly from fibers.

In comparison with other beam flattening methods,
this method offers a considerably simpler and
cheaper fabrication process.

We have also introduced a new mode conversion
mechanism for single mode fiber by inverse etching
of the fiber tip and incorporation of high index
material in the etched region. With this technique
light could be focused on the fiber tip allowing high
efficiency coupling of light from an optical fiber to
an integrated optical waveguide.

Open Access This article is distributed under the terms

of the Creative Commons Attribution License which
permits any use, distribution, and reproduction in any
medium, provided the original author(s) and source are
credited.
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