-

View metadata, citation and similar papers at core.ac.uk brought to you byj’f CORE

provided by Heriot Watt Pure

HERIOT
WAT'T

% UNIVERSITY

Heriot-Watt University

Heriot-Watt University
Research Gateway

Dual-beam interference from a lensed multicore fiber and its application to optical
trapping
Barron, Ashleigh L.; Kar, Ajoy Kumar; Bookey, Henry T.

Published in:
Optics Express

DOI:
10.1364/0OE.20.023156

Publication date:
2012

Link to publication in Heriot-Watt Research Gateway

Citation for published version (APA):
Barron, A. L., Kar, A. K., & Bookey, H. T. (2012). Dual-beam interference from a lensed multicore fiber and its
application to optical trapping. Optics Express, 20(21), 23156-23161. 10.1364/0OE.20.023156


https://core.ac.uk/display/29086561?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1364/OE.20.023156
https://pureapps2.hw.ac.uk/portal/en/publications/dualbeam-interference-from-a-lensed-multicore-fiber-and-its-application-to-optical-trapping(1ba8a0a8-9922-4c0e-9755-755e812b037f).html

Dual-beam interference from a lensed multicore
fiber and its application to optical trapping

Ashleigh L. Barron,” Ajoy K. Kar, and Henry T. Bookey

Institute of Photonics and Quantum Sciences, School of Engineering and Physical Sciences, Heriot Watt University,
Edinburgh, EH14 44S, UK
"ab461@hw.ac.uk

Abstract: A multicore all-fiber probe is demonstrated that has been
fabricated using an electric arc fusion splicer. Interference of the fiber
output when coherent light is coupled into two cores is investigated. The
properties of the fringes created when the fiber is probing different media
were found to be in general agreement with a beam propagation method
simulation. Optical manipulation of microspheres near to the end of the
probe is examined and the potential for controlled trapping explored.
Polymer microspheres with diameters of 2 microns were formed into
regular patterns due to the presence of the interference fringes.

©2012 Optical Society of America

OCIS codes: (060.2310) Fiber optics; (230.1150) All-optical devices; (350.4855) Optical
tweezers or optical manipulation.
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1. Introduction

Multicore optical fiber (MCF) is attracting much interest due to its potential use in a variety
of fields for data and telecoms applications [1], fiber lasers [2] and sensors [3]. The recent
development of three dimensional optical interconnects created using ultrafast laser
inscription has eased problems of integration [4] allowing arbitrary core arrangements to be
connectorized to commercial v-groove fiber array components. This maturation of MCF
technology has led to the exploration of different devices that these new fiber geometries have
enabled. In certain areas it is the compact nature of MCF that is of interest. In endoscopy,
fiber bundles are generally used to deliver and collect light for surgical applications such as
urinary stone removal [5] or in diagnostic applications such as OCT [6] and confocal
microscopy [7]. The optics on the distal end of these fiber probes have seen a large number of
advances [8, 9]. However, if added functionality can be achieved without external
components, savings in costs and improvements in lifetime and reliability can be made.
Previous work in this area has used focused ion beam milling [10] or chemical etching [11] to
shape the end of fiber bundles or MCF whilst other groups have exploited the fiber end
shaping capability of fiber fusion splicers to fabricate probes from multiple fibers [12, 13].
Optical trapping using fibers increases the flexibility and integration over bulk optic systems
[10]. Interferometric optical trapping allows the manipulation of multiple particles [14—18]. In
this work, we demonstrate how simple shaping of the end of a single MCF can enable a single
fiber probe, with no external components, which can then be used to demonstrate single fiber
interferometric optical trapping and, with additional cores, multifunctional miniature fiber
probes that can be configured for specific clinical applications. We believe this is the first
demonstration of the shaping of multicore fiber using a standard electric arc fusion splicer and
the first demonstration of interferometric optical trapping using an MCF.

2. Lensed fiber fabrication

The four-core MCF used can be seen in Fig. 1(a). The fiber known as a Gemini Fiber G4 is a
commercial fiber supplied by Fibertronix AB. This fiber was fabricated by drawing down
four standard telecommunications fiber preforms together to create a single four-core fiber.
The four 7um diameter cores were in a square array with inter-core spacing of 80 pm and a
diagonal core spacing of 113 pm. The fiber was cleaved and placed in a Sumitomo T-36
fusion splicer. The fiber was aligned to the splice point and a 14 second arc was performed.
This method shapes the end of the fiber as shown in Fig. 1(b). The shape and behavior of the
lensed fiber was shown to vary with both the material and the diameter of the fiber. Lensing
the fiber in such a way was found to be an efficient and repeatable technique using this
conventional equipment. This method has many advantages over methods such as focused ion
beam milling and chemical etching including a reduction in time, fabrication costs, safety and
commercial viability. When a white light source was coupled into the fiber, no scattering was
visible at the output indicating that the surface quality of the lens is relatively smooth and
clean.
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Fig. 1. (a) End face image of the Gemini 4-core fiber, (b). Shaped end of the fiber after lensing.

3. Simulation

The modified end of the MCF was modeled using a beam propagation method (BeamPROP,
RSoft Design Group Inc.) the geometry of which is shown in Fig. 2(a) and 2(b). A simple
curved section is used to represent the lensed fiber end and its radius of curvature is estimated
from Fig. 1(b). For this model the structure was approximated by using a spherical section of
radius of curvature 82.5 um following a straight section of 5.6 um and diameter 165 um. This
matched the curvature at the core areas.
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Fig. 2. (a) Beam Prop model layout of modified Gemini fiber end, (b) Three dimensional
model layout of modified Gemini fiber end, (c) Beam propagation model output of the
diagonal cores of the modified Gemini fiber in air, (d) Beam propagation model output of the
diagonal cores of the modified Gemini fiber in water.

As can be seen in Fig. 1(b), the actual structure of the shaped fiber end is complex with
apparent tapering of the cores distorted due to the curvature of the fibre, making it difficult to
ascertain the exact internal structure of the lensed region. The output when light is coupled
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into two of the diagonal cores was modeled for when the fiber is in a medium of both air and
water (Fig. 2(c) and 2(d)) respectively. The medium into which the fiber is inserted is shown
to vary the output of the fiber as expected via the changes in refractive index contrast. In
water the distance from the end of the fiber to the point where the beams cross, the area of the
crossing point and the fringe spacing increased compared to when the fiber is in air. The
model shows the distance from the output of the fiber to the crossing point increasing from
195 pm in air to 535 pm in water whilst the fringe spacing increased from 1.22 pm in air to
3.35 um in water.

4. Experimental results

An Nd:YLF laser source (Elforlight: model L 500-1047) was used to assess the lensing
properties of the modified MCF. This provided up to 800 mW at 1047 nm, which is close to
the specified fiber cut off wavelength of 1 pm. The water absorption is also less here than at
1550nm [19]. The experimental set up used for coupling light into the two cores is shown in
Fig. 3.

MCF
M5 —> To Probe
M4
x20, 0.54NA
M3 " ,;
1047nm
BS
M2 Laser
M2 M1

Fig. 3. Experimental set up of dual core coupling. MCF — multicore fiber, M1-M5 — metal
coated mirrors. BS — 50:50 beam splitter.

After propagation through a 50:50 beam-splitter, light was coupled into two diagonal
cores. This was achieved by propagating the two beams through a x20, 0.54NA microscope
objective with an offset to allow both cores to be illuminated evenly. A half wave plate was
used to adjust the polarization of one of the input beams so as to improve fringe visibility.
Mirrors, M1-M3 and M4-M5 were used to ensure the two beams entered the coupling
objective at the angle and offset for optimum coupling into the two diagonal cores.

The shaping of the end of the fiber refracts the core output to produce a crossing point in
the far field. In air this is approximately 250 pm from the end of the fiber which increases to
approximately 500 um when the fiber is in water. At the crossing point high contrast
interference fringes are produced. In air these were measured to have a fringe spacing of 1.83
pm which increases to 4.29 um in water as shown in Fig. 4(a) and 4(b). When the fiber is in
water the intensity across each fringe is also less than in air, this is due to water absorption
and the beam diverging more as shown in the simulations. In general the observed fringe
properties for immersion in air and in water are in agreement with our simulation of an
equivalent although simplified structure. To test the uniformity in the lensing of the MCF we
measured the fringe spacing in air for 10 different lensed fibers, the fringe spacing was shown
to vary by 0.3 um from the average value of 2pum.

The interference fringes produce intensity gradients across the crossing point that can be
used for aligning particles along the fringes. Similar fringe patterns, produced using free
space optics, have previously been shown to allow micro-particle manipulation at low powers
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[14]. A solution of microspheres was held between two cover slips and kept in place using a
vinyl spacer between them. The fiber was positioned in air outside the cover slips and an
imaging system was positioned at the other side as depicted in Fig. 4(c). With light coupled
into two of the diagonal cores the microspheres were moved to the crossing point of the
beams. Having the fiber in air increases the intensity and the crossing point as the beams
diverge less than when in water, the fringe spacing is also shorter than in water therefore
small microspheres with diameters close to the fringe spacing were used. Using this set up,
the microspheres are observed to align along the fringes as shown in Fig. 5(a-d). The
combined power from two cores at the end of the fiber was found to be 30 mW in air when a
combined power in the two input beams incident onto the fiber is 250 mW. The intensity
gradients created across each fringe produce a well in which the microspheres are trapped.
The movement of the microspheres is restricted to along the fringes. These results show this
probe can be used for interferometric optical tweezing in one dimension, aligning

microspheres along the fringes.
PETTONY
L " s 't‘

Lﬁé
e |

% '\‘ Cover slip
. & !|Microspheres

(c) Spacer

Lensed MCF

Fig. 4. (a) Interference fringes produced at the crossing point of the diagonal cores in air, (b)
Interference fringes produced at the crossing point of the diagonal cores in water, (c)
Schematic of the trapping experimental set up.

To test that the alignment was caused by the interference and not due to the intensity of
the light, the intensity when both beams are present was reduced to the same intensity when
one beam is present. Alignment was only seen when the both beams are present showing that
the interference fringes are causing the alignment. This effect can also be seen when one
beam is blocked to remove the fringes, the microspheres are shown to spread out in all
directions as can be seen in Fig. 5(a), but when the fringes are reintroduced the microspheres
become ordered and align along the fringes as can be seen in Fig. 5(b), 5(c) and 5(d).

Fig. 5. Single-frame excerpts from video recording of the manipulation of 2pum microspheres
(Media 1). (a) Disordered microspheres when interference fringes are not present, (b)
Microspheres 3 seconds after fringes are reintroduced, (¢) Microspheres 11 seconds after
fringes are reintroduced, (d) Microspheres aligned along the fringes when the interference
fringes are reintroduced.

5. Conclusions

We have demonstrated one dimensional interferometric optical trapping, using a single fiber,
lensed using a conventional fusion splicer. The use of a standard fusion splicer is a robust and
low cost way of functionalizing the end of a multicore optical fiber. It produces repeatable
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results with high quality, scatter free surfaces at the end of the fiber without the need for any
further annealing step. The use of a splicer to functionalize the end of the fiber has many
advantages over the current methods using focused ion beam milling or chemical etching
including commercial viability and large reductions in fabrication time and costs. The use of
equipment found in most optical fibers laboratories is also appealing.

The shaping of the end of the fiber produces an overlap in the far field of the output from
the diagonal cores. The longitudinal position of this overlap point depends greatly on the
surrounding material. In air this was found to be 250 um from the fiber end, whereas when
immersed in water this lengthens to over 500 pm, this was predicted by our simulations. This
overlap leads to the generation of a high contrast fringe set that can be used for optical
trapping. The fringes could be swept upon manipulation of the MCF. The exact internal
structure of the shaped fiber would be very difficult to model as it would not be possible to
know exactly how the cores are shaped during the arc, our approximation of the core structure
may explain the slight discrepancy between our modeled and measured fringe spacing
however even this simplified model shows good agreement with the observed behavior of the
probe.

Aside from fiber manipulation, active phase control on different fiber channels will allow
greater control of the fringes. Using directly written three dimensional interconnects will
allow us to integrate the fiber probe with phase modulators. Such interconnects will enable us
to investigate manipulation with three and four beam interference patterns which should allow
us to hold particles in two dimensions. Optical tweezing using this type of lensed fiber could
be achieved if we were to increase the curvature of the lens region. This can be achieved if we
first taper the fiber before forming the lens section — it is the fiber diameter that is a critical
parameter in determining the lens shape.

This work now allows us to explore the development of a single fiber optical trapping
platform without using complicated and expensive etching or milling processes and without
the use of external components. Potential applications involve transferring optical trapping
techniques to the in vivo environment, reducing diagnosis time and making further clinical
tools available at the point of care.
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