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Creation of a narrow Bessel-like laser beam using
a nematic liquid crystal
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We present a simple and efficient method to convert a Gaussian laser beam into a Bessel-like beam with a long
and narrow focal line by using a nematic liquid crystal with a high third-order nonlinearity. © 2006 Optical
Society of America
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. INTRODUCTION
large number of applications in physics, chemistry, bi-

logy, and engineering would greatly benefit from a laser
eam that had a sharp focus but, simultaneously, a negli-
ible spreading due to diffraction. Examples of such ap-
lications include laser drilling and writing,1,2 trapping
nd guiding of microparticles or nanoparticles and neu-
ral atoms,3–6 precise alignment and metrology
echniques,7,8 and high-resolution three-dimensional
maging.9 The usability of conventional, focused laser
eams for these purposes is limited owing to diffraction;
n optical field focused to a small spot quickly diverges.
he Rayleigh range of, e.g., an ideal Gaussian beam with
waist radius of 5 �m is only 160 �m for the wavelength

f 500 nm.
The beam divergence can be reduced by converting the

aussian laser beam into a Bessel-like beam, which has a
early propagation-invariant intensity profile within a

ong distance of propagation. Typically, this is realized by
sing an axicon-based optical system,8,10–14 by inserting a
arrow ring-shaped aperture in front of a positive

ens,15–17 or by applying a two-element diffractive
ystem.18 Certain approximate Bessel modes can also be
enerated directly in a laser resonator, as demonstrated
n Refs. 19–23. Axicons are perhaps the most widely used
lements in the realization of Bessel-type laser beams,
ut their use has some drawbacks. For example, to obtain
narrow and long focal line, the axicon has to be com-

ined with an annular aperture or an apodizing transmit-
ance mask24 that inevitably blocks a significant part of
he incident light. Furthermore, the quality of the focal
ine is sensitive to alignment and, in the case of diffrac-
ive axicons, to fabrication errors.25,26 Bessel-like beams
reated inside a laser resonator, for their part, are diffi-
ult to make narrow at the laser output, and focusing of
uch a beam does not result in a long depth of focus.

In this work, we investigate the possibility to create a
ong and narrow focal line by using self-phase modulation
0740-3224/06/040637-5/$15.00 © 2
f a Gaussian laser beam in a thin layer of a nematic liq-
id crystal that exhibits a high third-order nonlinearity.27

e show that when a Gaussian beam undergoes self-
ocusing in such a crystal, the self-focal region can have
essel-like field characteristics. The width of the central

ntensity maximum, for example, can be as small as a few
icrometers over a propagation distance of more than
mm. The paper is organized as follows. In Section 2 we

resent a simple theoretical basis for the creation of
essel-like self-focused fields. Section 3 describes experi-
ental demonstration of the phenomenon, and Section 4

ummarizes the results.

. THEORY
focused laser beam that passes through a ring-shaped

perture has a Bessel-like field distribution within a long
istance near the focus.17 A Gaussian beam self-focused in
thin liquid crystal, on the other hand, behaves as if it
as formed by a converging hollow beam with an increas-

ng thickness of its ring.27 This converging beam is simi-
ar to the field behind the ring aperture and, depending
n the beam parameters, it could show a reduced diver-
ence in its focus. We present a theoretical description of
his field in the frame of the Fresnel diffraction theory.

A self-focused Gaussian laser beam is assumed to be
ormally incident on the liquid-crystal cell and have a
erfect axial symmetry. In the case of a thin cell, the in-
ensity distribution behind the liquid crystal can be con-
idered to be the same as at its input. Then, the complex
mplitude of the field, U�z ,r�, as a function of distance z
rom the crystal and a distance r from the beam axis is
btained by using the Fresnel diffraction integral in cylin-
rical coordinates

U�z,r� =
2�

�z�0

�

U�0,��� exp�j
��2

�z �J0�2�r�

�z �d�. �1�

ere � denotes the radial coordinate at the crystal output,
is the laser wavelength, and J is the zeroth-order
0
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essel function of the first kind. The field U�0,�� is de-
cribed by

U�0,�� = �Ip exp�−
�2

WLC
2 + j����� , �2�

here Ip is the peak intensity and WLC is the 1/e2 beam
adius. The nonlinear phase ���� due to self-phase modu-
ation is described by

���� =
2�

�
Ln2Ip exp�−

2�2

WLC
2 � , �3�

here L is the thickness and n2 is the nonlinear
efractive-index coefficient of the liquid crystal. If the
rystal is not located exactly at the waist of the incident
eam, then an additional phase factor, exp�j��2 /�RLC�,
here RLC is the radius of the wavefront curvature, must
e inserted into Eq. (2). In practice, the phase distribution
as a more complicated dependence on the parameters Ip,
LC, n2, and L, but this model still gives a qualitatively

ccurate description of the beam behavior upon
ropagation.28–30 It is also worth noting that in general
he radius in the nonlinear phase distribution [Eq. (3)]
an be different from that of the incident beam owing to
he spatially nonlocal response of the liquid crystal.31

Figure 1 shows the intensity profile of the self-focused
eld I�z ,r�= 	U�z ,r�	2 calculated for the particularly cho-
en parameter values of �=532 nm, WLC=220 �m,
LC=−39 mm, L=100 �m, n2=3�10−5 cm2/W, and

p=1.7 �107 W/m2. These values were used in one of our
xperiments, the results of which are presented in Section
. The ranges z�2.5 mm and r	50 �m satisfy well the
resnel approximation. The profile has a major peak at

2.8 mm. At that point the field intensity reaches a
alue of 6�109 W/m, and the width of the central maxi-
um is as small as WSF
5 �m. In the absence of the liq-

id crystal, a beam waist radius of approximately 30 �m
ould be obtained at z=38 mm; this is an interesting de-

ail of how the nonlinear lens shapes the incoming beam.
hen the beam propagates an additional 4.5 mm, the

eak intensity drops by a factor of 10, whereas the width
f the central peak remains essentially unchanged. It is

ig. 1. Intensity distribution I�r ,z� of the simulated self-focused
eld; z and r denote the axial and radial coordinates,
espectively.
empting to compare these results with a Gaussian beam
ocused to the same waist. At a distance of 4.5 mm from
he focal plane, the beam radius would increase to WG
150 �m, and the peak intensity of the beam would drop

y 103 times, i.e., 2 orders of magnitude faster than the
ntensity of the calculated self-focused beam. From Eqs.
2) and (3) one can see that, close to the center ��
0�, the
ntensity distribution behind the crystal resembles that of

Gaussian beam focused with a positive lens. When the
eam propagates, this central part interferes with the
est of the beam, producing a long and narrow focal line.
hus, mathematically, the self-focused field is different

rom a diffraction-free Bessel field produced, e.g., by an
xicon. According to Eq. (3), the action of the liquid crys-
al can be mathematically treated by dividing the self-
ocusing region into a collection of narrow ring axicons
hose angles depend on the radial distance from the
eam axis. Each of these axicons has its own propagation-
nvariant range. As a result, the beam looks Bessel-like
ithin a long range, whereas upon propagation it slowly

preads in contrast to a beam from a single axicon.

. EXPERIMENT
o experimentally verify the results obtained in Section 2,
e used the setup shown in Fig. 2. As the laser source we
sed a frequency-doubled, diode-pumped Nd:YVO4 laser

Spectra Physics Millenia Xs) operating at �=532 nm.
he beam waist radius at the laser output is
0=1150 �m. The beam is focused with a lens L1 that

as a focal length of 200 mm, and the liquid crystal, LC,
s placed at a distance of 162 mm from it. This yields the
ncident-beam radius WLC of 220 �m and the radius of
he wavefront curvature RLC of −39 mm. The crystal is
isplaced from the beam waist in order to obtain the de-
ired WLC by using a single lens with a reasonably short
ocal length. In this case, the spatial phase modulation
ue to the convergence of the beam does not disturb the
trong phase modulation induced by self-focusing. The
iquid crystal is a 100 �m thick homeotropically oriented
ematic crystal with a nonlinear refractive index coeffi-
ient n2 larger than 10−5 cm2/W.32 The intensity profiles
fter the crystal are imaged with a lens L2 onto a CCD
amera (BeamStar FX 50, 640�480 pixels, pixel dimen-
ions 9.9 �m�9.9 �m). In our experiments, the lens L2
as a 20� microscope objective with an effective focal

ength of 8.5 mm. The distance between the camera and
he back face of the objective was fixed to 160 mm. The
orresponding magnification of the system is M=21.2.
everal neutral-density attenuators were inserted into
he beam path between the objective and the camera.

ig. 2. Schematic illustration of the experimental setup. The
eam from a cw laser is focused with a lens L1 into the liquid
rystal LC. The resulting self-focused beam is imaged with an-
ther lens, L2, to a CCD camera which is located at a fixed dis-
ance from the lens.
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The laser beam power was selected to be 1.3 W, which
esulted in a peak intensity of 1.7�107 W/m2 at the crys-
al input. This intensity is well above the self-focusing
hreshold, which at normal incidence has the value Ith
1.0�107 W/m2.33 The response time of the liquid crys-

al is inversely proportional to the squared value of its
hickness. In our experiments, it was of the order of min-
tes, and to accelerate the transition process, we first in-
reased the laser power to 2−2.5 W. One should note that
y using a different crystal, it is possible to reduce the

ig. 3. Measured (left column) and simulated (right column) int
re measured at distances of 1.5 mm and 4.5 mm, respectively,
imensional CCD images of the beam are shown in the insets.
hreshold power down to �10 mW. When the diffraction
ings started to form,30,32 we decreased the power to the
esired level and allowed the system to stabilize. Then, a
equence of images of the self-focused beam was taken by
ranslating the imaging system (lens 
 CCD camera)
long the optical axis at 500-�m steps. Three such im-
ges, scaled by the magnification M=21.2, are shown on
he left column of Fig. 3. The profile illustrated in Fig.
(a) is taken at a location close to the point where the
eam intensity reaches its maximum, and the profiles in

profiles of the self-focused laser beam. The profiles in (b) and (c)
he location corresponding to (a) along the beam axis. The two-
ensity
from t
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igs. 3(b) and 3(c) are measured at distances of 1.5 and
.5 mm, respectively, from this point. The right column
hows the corresponding theoretical profiles obtained
rom Eq. (1) by using the same parameter values as in
his experiment. In other words, they are the cross sec-
ions of the profile shown in Fig. 1. The two-dimensional
CD images in the insets of Fig. 3 illustrate the ring pat-

erns of the transverse intensity distribution of the beam.
The measured self-focused beam clearly exhibits a

essel-like beam behavior. The 1/e2 radius of its central
eak is nearly constant over a distance of at least 1.5 mm.
n Fig. 3(a), the radius is equal to 4.8 �m, and in Figs.
(b) and 3(c) the radii are 5.8 �m and 9.8 �m, respec-
ively. The spreading of the beam upon propagation is
ery slow compared with what it would be for a Gaussian
eam; the radius of a Gaussian beam with a waist radius
f 4.8 �m would be almost 160 �m at a 4.5-mm distance
rom the waist. Compared with the simulated self-focused
eam, the observed beam has a somewhat larger diver-
ence. Also, the shapes of the simulated and measured
eam profiles show some differences. Most clearly this
an be noticed from the doubled-ring patterns in the two-
imensional beam profiles. The experimental curves for
he measured beam are not perfectly symmetric. Possible
easons for this are a misalignment of the setup or a
lightly asymmetric incident-beam spot. Furthermore,
he self-focused beam has a high peak intensity and a
mall divergence such that even a tiny back reflection
rom the microscope objective may locally distort the
efractive-index profile in the crystal. Nevertheless, the
ropagation characteristics of the beam are still qualita-
ively well described by our approximate model. Both
heory and the experiments reveal that longer self-focal
ines are obtained with larger incident-beam radii. At a
xed incident-beam radius, the larger the laser power, the
arrower but shorter the focal line is. We also note that
or p-polarized light, the onset power for self-focusing de-
ends on the tilt angle of the crystal; when the crystal is
ilted from its original position, the self-focusing thresh-
ld intensity is decreased. Thus the width and length of
he self-focused beam, as well as the required peak inten-
ity, can be adjusted to the desired values.

. CONCLUSIONS
e have demonstrated the possibility to create laser

eams with a long and narrow focal line using a homeo-
ropically oriented nematic liquid crystal. The method is
ased on the self-phase modulation of a Gaussian beam in
thin liquid-crystal cell. We modeled the field behind the

rystal by applying the Fresnel diffraction theory and
howed that the self-focused beam can have a very small
ivergence compared to a Gaussian beam with the same
aist. These predictions were experimentally confirmed
y generating a self-focused beam with its central-peak
idth of 5 �m remaining nearly unchanged over a dis-

ance of more than 1 mm. The measured profiles matched
ell with the simulated ones although the beam diver-
ence was somewhat larger than expected. The method
e presented here is an attractive alternative to other

echniques for producing laser beams with a long and nar-
ow focal line. It is simple and efficient, since only a single
ens and a liquid crystal are needed to produce beams
ith adjustable dimensions and peak intensities. The
ower loss of this beam-shaping technique is essentially
ero, and there are no strong restrictions to the incident
eam size, the phase profile, or the wavelength used.
herefore this technique can certainly find practical ap-
lications.
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