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Abstract: A supercontinuum bottle beam was successfully produced by
focusing a supercontinuum laser beam after passing through an axicon.
The supercontinuum radiation was generated from a microstructured fiber
pumped by a self-kerr-lens mode-locked femtosecond Ti:sapphire laser.
The cross-section intensity distributions of the generated bottle were
recorded by a beam profiler. Using the line filters to select different
central wavelengths, the different colors of bottle beams show dlightly
different bottle ranges and diameters due to the dispersion of axicon and
focusing lens. The results consist with the theoretical prediction using the
Fresnel-Kirchhoff’ s formulain considering an incident Gaussian beam.
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1. Introduction

Recently, hollow beam and optical bottle beam have attracted great interests in various
applications such as atom guiding, atom trapping and optical trapping of particles[1-4]. An
optical bottle beam, in which a dark focus is surrounded by regions of higher intensity, has
been produced by using a holographic plate [5] and interference of two laser beams with
different curvatures [6]. Generation of bottle beams by focused Bessel beam are proposed,
in which aring image is generated in the focal plane of the lens, and a Bessel beam can aso
be reconstructed beyond the focal plane under particular focusing conditions [7-10]. The
optical bottles can also be directly generated from a tightly focused end-pumped laser
operated around the degenerate cavity configurations [11]. Recently, a dynamicaly
one-parameter-tunable method with high-energy efficiency is used to generate various
evolutions of beams[12]. The distance between the axicon and the focused lens is tuned to
transform the focused beams from bottle beams to hollow beams that are experimentally
demonstrated in consistent with theoretical predictions.

Supercontinuum (SC) generation by launching an ultrashort pulse into microstructure
fibers (MFs) has been widely investigated due to their high nonlinear coefficient and
tailorable dispersion. The generated SC has many practical applications, such as metrology,
optical coherence tomography, and optica communication, etc. [13-14]. Besides, the
generated SC has high spatial coherence that can be used for simultaneous micro-particle
manipulation and spectroscopy in optical trapping [15-16]. Due to the chromatic aberration
of lens, the enhanced spectral bandwidth of SC can elongate focal region in optical guiding of
microscopic particles [17]. In use of the axicon [18] or spatial light modulator [19], the
characteristics of white light Bessel beam were investigated, which can be used for the
micromanipulation of aoms and mesoscopic particles. Wavelength  tunable
hollow-beam-generation from the dispersive wave through the MFs has been reported, which
offers advantages for optical tweezers and atom guiding [20]. However, to our best
knowledge, there are no reports on generating SC optical bottle beams.

In this work, we generate SC bottle beam by focusing a SC laser beam after passing
through an axicon. Using line filters to select central wavelengths, the ranges of optical
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bottle beams of different wavelengths are measured. The experimental results consistent
with the theoretical calculation using the Fresnel-Kirchhoff's formula in considering an
incident Gaussian beam. This light source is expected to enhance trapping ability for the
microparicles with different sizes, and different atoms required different blue detuning.

2. Experiments

The experimental setup is shown in Fig. 1. The output of femtosecond self-kerr-lens
mode-locked (ML) Ti:sapphire laser was injected into a 90 cm-long MF (PM-760 from
Crystal Fibre, Inc.) by a 40X microscope objective lens. The input pulsewidth and power of
the ML Ti:sapphire laser are about 50 fs and 300 mW, respectively. The generated
supercontinnum was collected and collimated by another 40X microscope objective lens.
After the light passes through the axicon, the optical Bessel beam can be generated [6]. The
axicon is made by the BK7 glass with an angle y between the conical surface and flat surface
of 5°. A convergent lens with focal length f ~ 35 mm (@ 632 nm) was put behind the axicon
with a distance z5 ~ 7.2 cm to generate optical bottle beam while zyis larger than f [12]. A
beam imager (WinCamD, DataRay Inc.) was mounted on atransational stage to measure the
spatial intensity distribution along the longitudinal distances z (the distance between the lens
and beam profiler, as shown in Fig. 1). Three line filters with center wavelengths of 532,
670 and 780 nm (FL532-10, FL670-10, and FL780-10 with bandwidth of 10 nm from the
ThorLab Inc.) were inserted between the microscope objective and the axicon, thus we could
record the region of optical bottle beam at these wavelengths.

Ti:sapphire laser

axicon Beam profiler

!Z() =

Fig. 1 Schematic diagram of the experimental setup for generating supercontinuum bottle beam.

40 x Microscope object 40 x Microscope object

Intensity (dB)

600 800 1000 1200 1400
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Fig. 2. (8). The spectra of the supercontinuum (black) and the selected band centered at 530 nm
(green), 670 nm (red), and 780 nm (pink), respectively; inset are the photography of spanning
visible spectra from the prism (upper left) and the output pattern from the MF (upper right).
(b) The 3D intensity distribution (top) and its 1D radial intensity profile (bottom).
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3. Results and discussion

Figure 2(a) shows the generated SC from the MFs by optical spectral analyzer (Ando,
AQ6315), with wavelength spanning from 460 nm to 1530 nm, and the photography of the
spanning spectra dispersed by the prism, which shows the uniform distribution in the visible
range [inset on the upper left of Fig. 2(a)]. The photography of the output mode pattern from
the MF [the right inset of Fig. 2(a)] shows the hexagonal shape as predicted by the theoretical
calculation. The measured 3D (top) and 1D (bottom) intensity distribution on the axicon in
Fig. 2(b) shows the Gaussian-like distribution. Figure 3 show the cross section views of
normalized 3D- and 1D-intensity distributions of the bottle beam as distance z increase [from
Fig. 3(a) to Fig. 3(h)]. Figure 3(a) shows a sharp peak at the center of circular plateau that
mainly results from a superposition of Gausian waves whose wave vectors are on the surface
of acone. Due to the dispersions of the axicon and the lens, different sizes of the rings were
produced from Bessel-like beams for different center wavelengths, and the overlapping
distribution does not exhibit a very clear Bessel-like ring. When z is set close to the
near-end of central dark region, the central peak intensity falls as z increases. Then, the
central peak intensity decreases below the plateau to become a dip as seen in Fig. 3(b), which
is like a doughnut shape. Further increasing of z, the central dark region expands as shown
in Fig. 3(c). Finally, the thinnest (the sharpest intensity) ring of optical bottle is formed at z
= z, = 3458 mm, [Fig. 3(d)]. Getting further beyond this position, the reverse process
appears that the ring expands with shrinking central dark region, as shown in Figs. 3(e) and
3(f). Finaly, the intensity concentrates into the center to make dip become shallow in Fig.
3(g) and then become a peak again sitting on a base asin Fig. 3(h). A re-imaging of the far
field of the Bessel beam to create the dark ring at the focus, the optical bottle is then closed
axially on either side of the Bessel beam that can be simply explained geometrically in Fig. 1
of Ref. 12. When a Gaussian beam impinges through an axicon, a Bessel-Gaussian beam
can be realized as a superposition of Gaussian beams whose wave vectors are on the surface
of a cone. If we place a lens &fter the axicon, the oblique rays off axis through lens are
focused to a spot away from axis at the focal plane. Lateraly, all these spots assemble a
doughnut beam shape and optical bottle in our experiment.  In the neighbor before and after
the region where bottle generates, the superposition of part of Gaussian beams forms a
Bessel-like distribution.  However, the Bessal-like distributions in this experiment on Figs.
3(a) and 3(h) were not clearly observed owing to the dispersion of the axicon and lens that
makes different size of ring for each wavelength to cancel one another.

Fig. 3. The normalized 3D and 1D intensity distributions at (a) z = 26.20 mm, (b) z = 28.23 mm,
(c) z=32.09 mm, (d) z = 34.58 mm, (e) z = 40.27 mm, (f) z = 54.29 mm, (g) z = 59.12 mm,
and (h) z = 64.50 mm.

#77358 - $15.00 USD Received 22 November 2006; revised 12 February 2007; accepted 1 March 2007
(C) 2007 OSA 19 March 2007/ Voal. 15, No. 6/ OPTICS EXPRESS 2943



By inserting the line filter between the objective lens and axicon, a specific wavelength
can be chosen to generate the monochromatic optical bottle beam. The variations of the
diameters of the central doughnut dark region versus the distance z for the SC (squares), green
(green triangles) are shown in Fig. 4. The photographs of the green and the red doughnut
beam patterns are shown in the insets of Fig. 4. Due to the dispersion of the axicon and
convergent lens, the distance z = z, from the convergent lens to the position where bottle
beam has the thinnest ring and the largest diameter Dy, of the dark region differs for various
center wavelengths. The optical bottle beam with longer central wavelength has larger value
of z, and the smaller value of Dy, for the dark region. By fitting the measured data in Fig. 4,
we obtained the positions where the doughnut distributions begin at z; and terminate at z,, and
the lengths (Az = z,-z;) for the SC and different center wavelengths were all listed in Table 1.
As the central wavelength becomes shorter, the range of bottle beam shifts toward the
focusing lens and becomes shorter.  Since all of the spectral components are included in the
white-light bottle beam, it has the smallest range of bottle and the smallest diameter Dy in
comparison with monochromatic bottle beam. Besides, the length Az is adjustable if we vary
the distance between the axicon and the lens z,, as proposed in Ref. 12.  The experimental
layout provides a simple technique to generate an adjustable supercontinuum bottle beam.
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Fig. 4. Diameter variations of the dark region of the doughnut versus the distance z for the red
light (red circles) and green light (green triangles).

Table.1 The measured (black) and cal culated (red) range of bottle beam for the white-light SC, green light, red light,

and IR.
Z; (mm) Zy, (mm) Dy, (mm) Z, (mm) AZ (mm)
White 26.31 34.58 2.62 64.41 38.10
Green(Exp/Cal) 25.34/25.33 33.50 2.66 65.01/65.79 39.67/40.46
Red (Exp/Cal) 25.66/25.57 34.12 2.65 67.01/66.84 41.35/41.27
IR (Exp/Cal) 25.93/25.71 34.35 2.63 67.59/67.27 41.66/41.56
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4. Theory

Tight assembly of an axicon and a positive lens can be used to transform a Gaussian beam
either into a super-Gaussian, a ring-shape, or a doughnut-beam by changing the distance
between them [10]. From the geometrical analysis of Ref. 12, the tightly assembled structure,
i.e. Zo= 0, can present a hollow beam beyond the lens only.  In this section, we will focuson
generation of the bottle beam by considering a Gaussian input beam passing through the
separated assembly of an axicon and alens. The transverse electric field distribution of the
Gaussian beam with amplitude E, and radius W impinging on the axicon is given by

rZ
€ (1) = Eqexpl- 21"

)
Here, the axicon has angle y (between the conical and the flat surfaces) and reflective index n.
After the Gaussian beam has passed through the axicon, it experiences a linear phase shift
t(r)=exp(-ibr), where b=2rn tan(y)/A and A is the wavelength of the incident beam. When
we place alens with the focal length f behind the axicon by a distance z,, an optical bottle can
be generated under the condition z; > f.  The diffraction electric field amplitude E(r’,z") at a
distance z' from the lens can be described by the Fresnel-Kirchhoff’'s formula as

. 72\ = 2 g ’ 2
E(r.z)= 7%5, exp(ikL)exp(i kDr j'fexp[f\/%}]o[k” jexp(i k?é 7ierrdr . (2
0

2B B

where A, B, and D are the elements of the transform ABCD matrix of exiting from the axicon
through the lens to the distance z”.  Therefore, the on-axis electric field amplitude, i.e., r'=0
and Jo(0)=1, can be simplified to

: o 2 2 . 3
E(o,zr):_ﬂEoexp(ikL)jexp[—vrvzjexp[iszBr _ibrjrdr 3
0

AB
With the help of the integral formula of (3.462.5) in Ref. 21, we obtain the on-axis field

Yo _2mi ikLyd Lo b Jmo (RPN ib ' 4
E(0,2")= 1B Eoexp(lkL){zy ym pexp[ 4IJJ{1 cI)[2 HH} ()

Here, 1 = le - i:A;B and v = i;—. Using the parameters zo= 7.2 cm, W = 2.4

mm, and refractive index n=1.51392 a 670 nm for Eq. (4), the on-axis intensity as a function
of z° was plotted in Fig. 5. The focusing lens of different center wavelength will be
considered and estimated by the formulaf = (n-1)/R.  We therefore can determine where the
bottle begins and terminates (two foci) for different center wavelengths that are listed in red in
Table 1. The values estimated from the theoretical calculation from Eq. (4) are close to the
measured data that show shorter foci at the shorter central wavelength. The experimental
results agree with theoretical predictions.

600+

N W b G
o O O o
$. 8. 8.9

M

Intnesity (A.U.)

=

o

(=}
N

-i"‘a._
20

o

40 60 80
Z (mm)

Fig. 5. The on-axis intensity of the optical bottle asa function of z.
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Practically, the smaller values of Dy, about micron scale are required for optical trapping of
microparticles. For example, low-index particles have been trapped by using a double

axicon with y =0.23° and 0.39° to produce optical bottle ~ 100 um. Then, a telescope
arrangement can further reduce the size of the bottle beam to about 10 um [1-2]. In this

experiment, we select the axicon with y=5" to generate the optical bottle with lateral size of
millimeter scale so that it can be easier to resolve by the beam imager. Based on the relation
Dy, = f(n-1)y [12], the lateral size of the optical bottle beam can be further reduced by selecting
the focusing lens with larger NA or using the telescope systems.  Unfortunately, the extreme
rays may be attenuated by limiting NA to destroy the intensity structure of the generated

bottle beam. Nevertheless, the axicon with smaller y(< 0.25%) is commercialy available
such as those used in Refs. [12] and micro-fabrication of double axicon withy=0.1" and 0.08
° [1-2] that can further reduce the size of the size (both axial and lateral) in micron scale.  If

we choose the axicon with smaller angle such as y=0.25" and f = 2.5mm, we can simply

estimate the lateral size D, = 11.21 um using the relation: D, = f(n-1)y The vaueis closeto
numerically computed value of 11.19 um using Eq. (2) with W = 150um and z, = f and the
axia sizeisabout 10 um. Besides, the Bessal-Gaussian beam formed via a Gaussian beam'’s
impinging through an axicon with smaller y should have smaller divergent angle. As aresult,
the extreme rays being attenuated by limiting NA can also be avoided. Furthermore, in use
of the various band-passed filters after lens, wavelength-adjustable bottle beams are selected
to match the specific requirement for different atom trappings.

5. Conclusion

Supercontinuum bottle beam was successful produced by passing supercontinuum beam
generated from microstructure fiber through assembly of axicon and positive-lens. Due to
the dispersion of axicon and lens, the positions of two foci as well as the diameters of optical
bottle depend on central wavelength.  Thus, the range of the supercontinuum optical bottle is
as predicted the smallest. In use of the Fresnel-Kirchhoff’s formula and considering
Gaussian input beam profile, the ranges of optical bottles at different center wavelengths are
estimated, which is consistent with the measured results.  We recognize that this light source
can enhance trapping ability for the microscopic particles with slightly different sizes and
different atoms required for different blue-detuning.
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