White light Bessel-like beams generated
by miniature all-fiber device

X. Zhu,*" A. Schiilzgen,? H. Wei,' K. Kieu," and N. Peyghambarian'

!College of Optical Sciences, University of Arizona, 1630 East University Boulevard, Tucson, Arizona 85721, USA

?College of Optics and Photonics, CREOL, University of Central Florida, 4000 Central Florida Boulevard,
Orlando, Florida 32816 USA
*xszhu@email.arizona.edu

Abstract: Micron-sized white light propagation invariant beams generated
by a simple and compact fiber device are presented. The all-fiber device is
fabricated by splicing a short piece of large-core multimode fiber onto a
small-core single mode white light delivery fiber. Because this fiber device
offers an inherent spatial coherence, nondiffracting white light beams can be
created with a temporally incoherent broadband light source (a halogen
bulb) and, most importantly, the surrounding fringes don’t fade as the
bandwidth of the light source increases because the underlying physics of
this fiber device is different from that of the axicon. White light Bessel-like
beams have been generated from multimode fibers with core diameters of
50 pm, 105 pm, and 200 um. The distance of nondiffracting propagation of
the white light Bessel beam increases with increasing core size of the
multimode fiber. Propagation characteristics of red, green, and blue
individual beams are also presented.
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1. Introduction

Due to their unique properties of nondiffracting propagation and self-reconstruction, Bessel
beam has found applications in optical trapping and manipulation [1], optical binding [2],
nonlinear optics [3], optical coherent tomography [4], microfabrication [5], interferometry [6],
and lithography [7] since it was first proposed and demonstrated by Durnin [8,9] in 1987.
Motivated by considerable practical and potential applications, people have proposed a variety
of methods to generate Bessel beam. Most of these techniques are based on the physics that a
Bessel beam results from the interference of plane waves propagating on a conic surface and
usually use bulk and free-space optical components such as an annular aperture located at the
focal plane of a lens [9], axicon [10], spatial light modulator [11], and computer-generated
hologram [12]. The common concept has also been applied to fabricate a compact fiber device
that is able to generate micro-sized Bessel beam. Microaxicons [13-15] and whispering
gallery mode resonators [16] fabricated on the fiber end have been reported. A compact
structure in a serial concatenation of hollow optical fiber, coreless silica fiber, and a polymer
lens has also been demonstrated recently [17].

In recent years, several techniques differing from the common concept, such as using an
opaque disk [18] or a tunable gradient index of refraction lens [19], have been proposed.
Based on the fact that the zeroth-order radial modes (LP,,) of a multimode (MM) optical fiber
are mathematically represented by Bessel functions and the high-order LPy, modes are
actually truncated Bessel beams [20], two new techniques of generating Bessel beam from
optical fibers have been demonstrated [20,21]. When a long-period fiber Bragg grating (FBG)
is inscribed into the core of an optical fiber, Bessel beam can be generated from the optical
fiber due to the mode coupling between the fundamental core mode and the LPy, cladding
modes induced by the long-period FBG [21]. Utilizing the mode coupling from LP,; mode to
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high-order LPg, modes at the interface between a single-mode fiber and a MM fiber, we have
demonstrated an extremely simple and low-cost method to generate nondiffracting beams
from optical fibers [20]. Compared to the fiber device using a long-period FBG, which is
highly wavelength dependent, our device can be applied in a very broad spectral range.
Moreover, our device can be used to generate white light Bessel-like beam.

White light Bessel beam may find applications in optical coherence tomography with large
depth range resolution, high resolution incoherent interferometry, multi-functional optical
trapping, sorting, and manipulation, single molecular fluorescence, and multi-molecular
binding. White light Bessel beam generated by the techniques based on the common concept
(using axicon or spatial light modulator) has been investigated by several groups [22-25]. In
this paper, we demonstrate that white light Bessel-like beam can be generated from our simple
fiber device, which is fabricated by just splicing a short piece of multimode fiber onto a
single-mode white light delivery fiber. White light propagation invariant beams generated by
using multimode fibers with different core diameters and lengths are presented and
investigated. Our experimental results confirm that this fiber device may enable
multifunctional biophotonics platform [26].

2. Experimental setup and theory

The fiber device is fabricated by splicing a short piece of multimode fiber onto a single mode
white light delivery fiber. The white light delivery fiber is Nufern 460-HP fiber, which has a
mode field diameter of about 3.5 um and a numerical aperture (NA) of 0.13. Multimode fibers
with diameters of 50 um, 105 pum, and 200 um (Thorlabs, AFS50/125Y, AFS105/125Y, and
AFS200/220Y) are used in the experiment for the purpose to investigate the dependence of
the nondiffracting propagation on the core size of the multimode fiber. All the multimode
fibers have a NA of 0.22. It has been realized that spatial coherence is a key criterion for
white light Bessel beam propagation [22-24]. Our fiber device offers an inherent highly
spatial coherence and consequently nondiffracting white light beam can be achieved with
temporally incoherent broadband light source. A fiber-coupled white light source using
halogen bulb (Yokogawa AQ4305) is used as the signal source. The signal delivery fiber
Nufern 460-HP is connected to the white light source and the spectrum of the white light
propagating through a piece of 1.5 meter long signal delivery fiber is measured and shown in
Fig. 1. The 460-HP fiber provides a good single transverse mode guiding for the visible light.
However, due to the emission spectrum of the halogen bulb and the transmission property of
the 460-HP fiber, the power of the blue light is smaller than that of the red light. The
experimental setup is shown in Fig. 2. A part of the fiber device including a section of the
single mode fiber and the whole segment of the multimode fiber is placed on a v-groove
holder. The beam profiles of the Bessel beam at varying distances from the MM fiber facet are

Normalized Intensity (dB)

T T T T T
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Wavelength (nm)

Fig. 1. Spectrum of the white light propagating through a piece of 1.5 meter long single-mode
signal delivery fiber.
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Multimode Fiber IM39ing Lens

460 HP Fiber V-groove Holder CCD Camera

Fig. 2. Experimental setup for characterizing white light Bessel beams generated from
multimode fibers. 460-HP fiber (core diameter 3 um, NA 0.13); Multimode fiber (core
diameter 50 pm, 105 pm, and 200 um, NA 0.22); Imaging lens (focal length 8 mm, NA 0.5).

magnified by an aspheric lens (NA = 0.5, focal length = 8 mm) and recorded by a color CCD
camera (Sony, ExWaveHAD). The magnification factor of the imaging system is about 30.
The nondiffracting propagation properties of the Bessel beam can be characterized by the
evolution of the beam intensity profiles.

Because we have interpreted the physics of non-diffracting beam generation utilizing high-
order LPy, mode excitation through the mode coupling from a single mode fiber to a MM
fiber in [20], here we briefly describe the theory of the fiber device to generate white light
Bessel-like beam. Because the cut-off wavelength of the signal delivery fiber is about 430 nm,
single transverse mode of the white light can be delivered to the MM fiber. Due to the mode
orthogonality and the on-axis excitation, LPy, modes (n is the radial index) of the MM fiber
are then excited. Because each LP,, mode propagates along the waveguide independently
with its own propagation constant, the field of a wavelength of A at the output facet of the MM
fiber is the superposition of Bessel-like fields

N .
E/I,Out (r, L) = ZC/I,H‘JO(K/I,nr)eilﬂMLI r S R1 (1)
n=1

where N is the number of the strongly excited modes in the MM fiber segment; C,, is the
decomposition coefficient; r is the radial coordinate and smaller than the core radius of the
MM fiber R; L is the MM fiber length; the a/g)ertured Bessel functions Jo(ic ,r) with different
transverse wave vectors, k., = (Np’K,’-B:..2)""%, represent the fields of the LP,, , modes in the
MM fiber core. Here, k; = 2x/A, ny, is the refractive index of the fiber core at the wavelength
of &, and P, , is the propagation constant of the LP, , mode of A, respectively.

The decomposition coefficient C, , for a single mode input E, ;, can be obtained by

[[ Ern(r.9)x 35k, ,r)ds
Cin= > 2 : 2
' [].[30Ge.an)| ds

The percentage of the power coupled from the fundamental mode of the single-mode fiber
to the LP, , modes of the MM fibers |CM|2 are calculated for the signals of 630 nm, 550nm,
and 480 nm, and shown in Fig. 3. Obviously, for all the wavelengths, most power is coupled
to high order modes of the MM fiber. It has been demonstrated that nondiffracting
propagation is most pronounced when high order LP,, modes are excited [20]. White light
propagation invariant beam can thus be generated from the three large-core MM fibers. As
shown in Fig. 3, the larger the MM fiber core, the more high order modes are excited. The
longest distance of nondiffracting propagation is expected for the beam coming from the 200
pm core MM fiber.
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Fig. 3. Percentage of the power coupled from the fundamental mode of the single mode fiber to
the LPo,, modes of the multimode fibers with diameters of 50 um, 105 pm, and 200 um for the
signal wavelengths of 630 nm, 550 nm, and 480 nm.

The field of the beam of the wavelength A propagating in free space after leaving the fiber
can be approximated as

N .
El,fs (I’, Z) = Zci,n"]o(’(}.nr)e (B z+/L) 3)

n=1

with a propagation constant in free space PBns = (kxz-lq,nz)llz. As a consequence of the
superposition of multiple Bessel fields, the propagation of the beam of the wavelength A can
be almost diffraction-free and special beam patterns can be generated at certain axial regions
[20]. When a broadband light source is used, the intensity profile of the beam can be
described as follows,

N ) 2
1, (r.2) = [|E, o (.2 d2=[|C, .30, 1) 0| d . @)
A A 1

Thus, white light Bessel beam with long propagation invariant distance can be generated
through the incoherent addition of the nondiffracting beams of all spectral components.

n=:

3. Experimental results

Multimode fibers with core diameters of 50 pm, 105 pm, and 200 pm are used in the
experiment. The facet image is recorded by the color CCD camera using the setup shown in
Fig. 2. The propagation characteristics of the beam are obtained by recording the intensity
profiles of the beam at varying positions along the propagation direction with a step of 5 um.
The far field intensity profile of the beam is recorded by removing the imaging lens and
placing the CCD camera at a distance of 2 cm to the MM fiber facet. In order to investigate
the propagation characteristics of the individual beam of a spectral component, three band-
pass filters with a bandwidth of 10 nm are used in the experiment. Their central wavelengths
are 630 nm, 550 nm, and 480 nm, respectively.

When a 2 cm long 50 um MM fiber is spliced to the 460-HP fiber, the intensity
distributions of the white, red, green, and blue light at the MM fiber facet are shown in Figs. 4
(a)-(d). As a result of the incoherent addition of excited LP, modes of all wavelengths, the
intensity profile of the white light has a bright central spot. However, the intensity profiles of
the individual beams exhibit different features. The red light profile has a bright central spot.
The green and the blue light profiles show a pattern with several rings. The corresponding far-
field intensity profiles with a full size of about 8 mm are shown in Figs. 4 (e)-(h). The white
light far-field profile exhibits a feature of several color rings and a white central spot. The far-
field profiles of the individual beams have different patterns associated with their respective
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Fig. 4. Facet (a-d) and far-field (e-h) intensity profiles and the propagation characteristics (i-1)
of the white Bessel beam and the red (630 nm), green (550 nm), and blue (480 nm) individual
beams when a 2 cm long 50 um multimode fiber is used.

facet fields E; . (r, L). The beam propagation characteristics of the white, red, green, and blue
light are shown in Figs. 4 (i)-(I). Obviously, a white light Bessel-like beam with a
nondiffracting propagation of about 1 mm was obtained. As the bandwidth of the light is
reduced to 10 nm by use of the band-pass filters, the propagation of the individual beam is
different from that of a general zeroth-order Bessel beam. At some certain positions, the
intensity profile has not a bright central spot, i.e., the supposition of the excited LPg, modes
for individual wavelength is destructive at the beam center.

It is found that, when a piece of 10 cm long 50 pm MM fiber is used, nondiffracting
propagation is increased to almost 2 mm as shown in Fig. 5 (i). Moreover, as shown in Figs. 5
()-(D, the Bessel-like nondiffracting propagation can be found in the red, green, and blue

(b) (e) (f)

“—2mm —

Fig. 5. Facet (a-d) and far-field (e-h) intensity profiles and the propagation characteristics (i-1)
of the white Bessel beam and the red (630 nm), green (550 nm), and blue (480 nm) individual
beams when a 10 cm long 50 pm multimode fiber is used.
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individual beams. This is because the wavelength dependence of this fiber device becomes
more intensive and spectral spacing of the individual beams that can exhibit distinct
propagations becomes small as the length of the MM fiber is increased [27-29]. Consequently
in the 10 nm band spectral components that their incoherent addition contributes to the
formation of the bright central spot are increased. The facet and the far-field intensity profiles
of the 10 cm long MM fiber are shown in Figs. 5 (a)-(d) and (e)-(h), respectively. We also
notice that, the fringe visibility of the far-field profile of the beam coming from the 10 cm
long MM fiber is smaller compared to that of the beam coming from the 2 cm long MM fiber.
This may be caused by the coupling of the power from LPg, modes to the LP,, modes (m>1)
due to the geometrical imperfections of the MM fiber.

According to the calculations shown in Fig. 3 and our previous demonstrations [20,28],
nondiffracting propagation distance can be increased by increasing the core diameter of the
MM fiber. Then a 2 cm long MM fiber with a core diameter of 105 pm is used in our
experiment. A white light Bessel-like beam with nondiffracting propagation distance of nearly
3 mm is obtained. The intensity profiles at the 105 um MM fiber facet are shown in Figs. 6
(a)-(d) for the white, red, green, and blue light, respectively. Apparently, since more high
order LPy, modes are excited, the facet profiles exhibit patterns with more surrounding rings.
And their far-field intensity profiles also have more ring patterns. Note that, since the physics
of the Bessel beam generation of the fiber device is completely different from that of the
axicon, the far-field intensity profile of the white light Bessel beam has almost the same
visibility as that of the individual beams, as shown in Figs. 6 (e)-(h). The propagation
characteristics of the white, red, green, and blue beams are shown in Figs. 6 (i)-(I),
respectively. For the 2 cm long 105 pm MM fiber, the individual beams of the spectral
components have bright central spot only at some certain positions and the addition of these
beams gives the Bessel-like propagation characteristics of the white light.

Fig. 6. Facet (a-d) and far-field (e-h) intensity profiles and the propagation characteristics (i-I)
of the white Bessel beam and the red (630 nm), green (550 nm), and blue (480 nm) individual
beams when a 2 cm long 105 pm multimode fiber is used.

In order to investigate the possibility of using a very large core MM fiber, a 200 um core
diameter MM fiber is spliced to the 460-HP fiber. Although the bare fiber diameter of the
AFS200/220Y is 220 pm, which is much larger than the 125 um diameter of the 460-HP fiber,
a good splicing of the two fibers can still be obtained by using a common Ericsson fusion
splicer. The facet and the far-field intensity profiles are shown in Figs. 7 (a)-(d) and (e)-(h),
respectively. All of them show the pronouncing features of the Bessel beam. Note that, in
order to record the whole far-field intensity profiles of the beam coming from the 200 pm

#143457 - $15.00 USD  Received 2 Mar 2011; revised 27 Apr 2011; accepted 15 May 2011; published 26 May 2011
(C)2011 OSA 6 June 2011/ Vol. 19, No. 12/ OPTICS EXPRESS 11371



fiber, the CCD camera is placed at a position with a distance of 1 cm to the MM fiber facet.
The propagation profiles of the white, red, green, and blue beams are shown in Figs. 7 (i)-(l).
Because the 200 um fiber cannot be fixed in the V-groove and is slant with a small angle, the
propagation profile is a little bit oblique. The white light Bessel-like beam experiences a very
small spreading in the propagation distance of 4 mm. Most interestingly, the propagation
profiles of the individual beams exhibit several separated on-axis bright segments. This is
because the constructive interference of the LP,, modes on the axis occurs sparsely when over
60 modes are excited. According to the experiments of the 50 pm fiber, we can increase the
length of these bright segments by increasing the MM fiber length and individual Bessel-like

“—4mm —> “—4mm —> “—4mm —> “—4mm—>

Fig. 7. Facet (a-d) and far-field (e-h) intensity profiles and the propagation characteristics (i-1)
of the white Bessel beam and the red (630 nm), green (550 nm), and blue (480 nm) individual
beams when a 2 cm long 200 um multimode fiber is used.
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Fig. 8. Normalized on-axis intensity of the beams coming from the 460-HP single mode fiber
(black) and the 2 cm long 50 um (red), 105 um (green), and 200 um (blue) MM fibers.

#143457 - $15.00 USD  Received 2 Mar 2011; revised 27 Apr 2011; accepted 15 May 2011; published 26 May 2011
(C)2011 OSA 6 June 2011/ Vol. 19, No. 12/ OPTICS EXPRESS 11372



beams like these shown in Fig. 5 can even be obtained if the MM fiber is long enough.
Therefore, as has been stated in [20], the propagation profiles of the individual beams can be
controlled by using MM fibers with different lengths.

The propagation characteristics of the white light beam directly coming from the single
mode fiber 460-HP is also measured as a reference and shown in the inset of Fig. 8. The beam
is subject to the diffraction and spreads out very quickly within 100 um propagation distance.
The on-axis intensities of the beams coming from the 460-HP single mode fiber and the 2 cm
long 50 pm, 105 pum, and 200 pm MM fibers are plotted in Fig. 8. Because the propagation of
the beam is completely determined by the facet field, which is strongly dependent on the MM
fiber length [20,28], it is not appropriate to give a formula to describe the accurate relation
between the distance of nondiffracting propagation and the core diameter based on the present
experimental results. Nevertheless, it is rational to conclude that the distance of nondiffracting
propagation increases with increasing core diameter of the MM fiber. Therefore, the distance
of nondiffracting propagation can be approximately designed by choosing the core diameter
of the MM fiber.

4. Analysis and Discussion

When a MM optical fiber is spliced onto a single mode optical fiber, the fundamental mode of
the single mode fiber is decomposed to multiple LP,, modes of the MM fiber. The larger the
core size of the MM fiber, the more high order LP,, modes are excited. Because high order
LPo,, mode is closely resemble to the Bessel beams, nondiffracting beam can be generated
from the large-core MM fiber [20,28]. Likewise, as the single mode white light is coupled to
the MM fiber, white light propagation invariant beam can be generated from the MM fiber.
Therefore, the physics of the fiber device is different from that of the axicon, which generates
Bessel beam through the interference of the plane waves propagating on a conic surface.
White light Bessel beams generated by the fiber device also have different characteristics and
properties from the Bessel beams generated by axicons. Moreover, because the single mode
fiber has a core diameter of about 3 pm, the fiber device offers an inherent highly spatial
coherence, which is the prerequisite for the generation of white light Bessel-like beam with
long distance of invariant propagation and many surrounding rings.

Our experiments demonstrate that white light propagation invariant beam can be generated
from this fiber device even when a temporally incoherent broadband light source is used. The
distance of nondiffracting propagation of the white light Bessel beam and the propagation
characteristics of the individual beams of the spectral components can be easily and widely
manipulated through the parameters including the length of the MM fiber segment and the
core diameter of the MM fiber segment.

It needs to make clear that the distance of nondiffracting propagation of a Bessel beam is
usually shorter than the Rayleigh range of a Gaussian beam with the same beam size [10]. For
this fiber device, Bessel-like beam is created from the addition of high order LP,, modes
propagating in free space and high order LP,, modes always experience a larger diffraction
than low order LP,, modes, especially the fundamental mode (LP,; mode), so the distance of
nondiffracting propagation of the Bessel-like beam is much shorter than the Rayleigh range of
the LPg; mode, which is equal to T/ (here, w, is the mode field radius of the LP,; mode).
It is also generally known that nondiffracting propagation of Bessel beam is achieved by
sacrificing most of its power in the surrounding rings, i.e. only a small fraction of power is
confined in the central bright spot. Seen from the far-field intensity profiles of the Bessel-like
beams, the central spot contains a small amount of power due to its extremely small size. As
the core size of the MM fiber increases, the power percentage of the central spot reduces
accordingly. However, as a gain, the distance of nondiffracting propagation increases with the
increasing core size.

It is worthwhile to note that the single mode signal delivery fiber is compatible with the
microstructure fiber that has been frequently used for supercontinuum generation. It is feasible
to build a compact, monolithic, and alignment-free all-fiber system to generate strong white
light Bessel-like beam.
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5. Conclusion

We demonstrated that white light Bessel-like beam can be generated from a miniature fiber
device consisting of a single mode white light delivery fiber and a MM optical fiber. The
simple and compact all-fiber device not only can create well-controllable white light
propagation invariant beam, but also can offer the freedom of controlling the propagation of
the individual Bessel beams of the spectral components. This fiber device may enable the
multiple-functional workstation such as the integration of the optical traps and the
spectroscopic sensors.
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