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Creation of a hollow laser beam using self-phase modulation
in a nematic liquid crystal
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Abstract

We present a simple method to convert a Gaussian laser beam into an annular beam using a homeotropically

oriented nematic liquid crystal. The method allows creation of a beam with sub-millimeter diameter and a width of a

few tens of microns for a propagation distance of more than 10 mm. High spatial gradients in the radial intensity

distribution make the beams promising for use in atom trapping and guiding.
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Laser beams with ring-shaped transverse cross-

sections have found a variety of applications in

science and technology, including trapping and

guiding of atoms [1–4], laser manipulation of mi-

croscopic dielectric and metal objects [5–7], laser

writing and drilling [8,9], measurements of thermal

diffusivity [10], and materials testing with the aid

of laser-excited acoustic waves [11,12]. The most
frequently used beams in these applications are the

ones representing a higher-order circularly sym-

metric mode (TEM01�) of a laser resonator. Al-
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though these beams have a propagation-invariant

shape of their intensity profile, the light ring sur-

rounding the on-axis intensity minimum is thick

with the width of the ring being comparable in

dimension to the beam radius. To concentrate the

light power within a thinner ring, one may use a

lens-axicon system [3,13,14]. Operation of such

systems is based on the fact that, in the focal plane
of a lens, a laser beam let through an axicon

produces a ring-shaped focal spot. The spot di-

mensions depend on the focal length, the axicon

angle (or refractive-index profile for diffractive

axicons [2,15]), and the width of the incident beam.

Close to the focal plane, the beam has a high-

intensity light wall around a wide dark area.

The method has been used with both ordinary
ed.
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Gaussian and doughnut Laguerre–Gaussian beam

illumination. Some other methods, using, e.g., a

hollow optical fiber [16], a computer-generated

hologram [17], or a liquid crystal with non-uni-

formly charged, surface-mounted electrodes [18],

have also been reported, but they were not aimed
at tight radial compression of light.

In this paper, we describe an alternative tech-

nique to generate a thin-walled hollow laser beam.

The beam is created from a Gaussian beam that

undergoes self-phase modulation in a nematic li-

quid crystal. The experimental setup is shown

schematically in Fig. 1. The lens L1 is used to

control the beam diameter at the input of the li-
quid crystal (LC). If the crystal is located in front

of the beam waist, the spatial phase modulation

due to the beam convergence has no significant

influence on the output field because of the much

stronger phase modulation caused by self-focusing

[19–22]. At the crystal output, the beam wavefront

is deformed in accordance with the nonlinear

phase change so that the radius of curvature is
negative near the beam axis and positive around it.

In the points where the radius is positive, the wave

is locally diverging, resembling a wave produced

by a beam passed through a ring-shaped aperture.

The lens L2 is chosen to have a low f -number in

order to minimize diffraction loss. It creates a

magnified image of the ‘‘ring aperture’’ over a

longitudinal distance dhb which depends on the
beam diameter and power at the crystal cell.

In our experiments, we used a frequency dou-

bled CW Nd:YVO4 laser (Spectra-Physics Mil-

lennia Xs) operating at 532 nm with a beam waist

(1=e2) of 1150 lm. Lens L1 was chosen to have a

focal length of 500 mm, so that the focused beam

had a waist of 80 lm. The crystal was a 100-lm
thick homeotropically oriented nematic liquid
Fig. 1. Experimental setup. The light source is a CW laser and

the detector a CCD camera. Lens L1 is for adjustment of the

beam diameter at the input of the nonlinear liquid crystal LC

and lens L2 is for the final beam shaping. Within a certain range

(labelled by dhb), the laser field forms a hollow beam with a high

peak intensity.
crystal with an equivalent nonlinear refractive in-

dex of 10�5–10�4 cm2/W [19–21]. For lens L2, we

used a 10� microscope objective with a numerical

aperture of 0.25. The output intensity profiles were

measured with a CCD camera (Cohu CCIR,

752� 582 pixels, 8:6� 8:3 lm). Typical measure-
ment results are shown in Fig. 2. The profiles were

produced, when the crystal cell was located at the

beam waist and the incident-beam power was in-

creased above the self-focusing threshold (ap-

proximately 150 mW) to 195 mW. The onset of

self-focusing (the Freedericksz transition) was in-

dicated by the appearance of bright diffraction

rings [19–21]. To accelerate the transition we first
increased the power far above the self-focusing

threshold and then set it to the desired value. The
Fig. 2. Transverse cross-sections of a hollow laser beam (on the

left) and the corresponding intensity profiles along a horizontal

line crossing the beam axis (on the right). The observation

planes at (a) and (c) are shifted from that at (b) by �4 and þ6

mm, respectively. Before reshaping, the beam had a waist of

WLC ¼ 80 lm in the crystal plane and WCCD ¼ 370 lm in the

CCD plane. Its peak intensity in the CCD plane was I0 � 70 W/

cm2.



Fig. 3. Transverse-cross-sections of three different hollow

beams (on the left) and the corresponding intensity profiles

along a horizontal line crossing the beam axis (on the right).

The beams are created under different experimental conditions.

The parameter values are Pt ¼ 195 mW, WLC ¼ 80 lm, and

M ¼ 2:7 in (a), Pt ¼ 270 mW, WLC ¼ 100 lm, and M ¼ 4 in (b),

and Pt ¼ 980 mW, WLC ¼ 170 lm, and M ¼ 2 in (c). The peak

intensities I0;a, I0;b, and I0;c of the original Gaussian beams in the

CCD plane are 200, 80, and 410 W/cm2, respectively.
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distance between the objective and the crystal was

adjusted to provide a nearly constant diameter of

the ring. The thinnest ring (see Fig. 2(b)) was ob-

served at a distance of about 8 cm from the ob-

jective (the corresponding magnification M � 4:6).
We then measured the beam profiles, shifting the
CCD array towards the objective (Fig. 2(a)) and

away from it (Fig. 2(c)). The profiles (a) and (b)

are separated by 4 mm and (b) and (c) by 6 mm.

The ring diameter in Fig. 2(b) is equal to 960 lm
and the ring width is 30 lm (FWHM). They both

remain approximately unchanged within a dis-

tance of about 1 cm. Imperfections of the rings in

Fig. 2(a) and (c) are mainly caused by deforma-
tions of the original beam profile that was not

perfectly symmetric and had some distortions in

the tails. In spite of this, we could obtain a rather

long and thin-walled ‘‘light tube’’. As shown in

Fig. 2, the hollow-beam intensity exceeds 1.5 times

the peak intensity of the original Gaussian beam in

the CCD plane, which implies an efficient con-

finement of light in the ring profile. During the
beam reshaping, the output power was measured

to be constant, which is attributed to a near zero

diffraction loss at the objective. The power loss in

the setup was caused by reflections of the beam at

the glass–air interfaces in both the crystal cell and

the objective. The power transmittance of the cell

was measured to be 86% and that of the objective

88%. In combination, they transmitted 76% of the
light.

At fixed power Pt and waist WLC of the Gaussian

beam at the crystal input, the hollow-beam diam-

eter (Dr), ring width (dr), and peak intensity (Ir)
can be changed by adjusting the magnification M
through shifting the microscope objective. As an

example, Fig. 3(a) shows a beam profile obtained

under the same conditions as those in Fig. 2, ex-
cept that the objective was shifted by a few milli-

meters away from the crystal and the CCD array

placed to observe the narrowest light ring. Mag-

nification M in this case is 2.7. The ring has a di-

ameter of 570 lm, a width of 20 lm, and a peak

intensity Ir of about 280 W/cm2. Since this ring is a

demagnified version of the ring in Fig. 2(b), the

ratio dr=Dr for it is approximately the same. The
peak intensity, however, is almost three times

higher. The ring diameter in this case decreased
with the distance from the objective, resulting in a
convergent hollow beam.

Creation of beams with different diameters,

widths, and peak intensities is possible by a proper

selection of the total beam power and the beam

diameter in the crystal plane. As an example,

Fig. 3(b) shows a thick-ring profile of a beam

created when the lens L1 was shifted by approxi-

mately 5 cm towards the crystal (WLC increased to
�100 lm) and the power Pt increased to 270 mW

(a value providing a large ring width). The sizes dr
and Dr in this case are 65 and 830 lm, respectively,

while the peak intensity Ir � 100 W/cm2 is ap-

proximately the same as that in Fig. 2. The thin

ring in Fig. 3(c) introduces another example,

where the beam was created after shifting the lens
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L1 by a few centimeters more towards the crystal

(WLC � 170 lm) and setting the power to 980 mW.

The peak intensity Ir in this case is about 660 W/

cm2, and the beam dimensions are dr � 20 lm and

Dr ¼ 970 lm. The ratio dr=Dr is equal to 0.02. To

create this ring, we compensated for a small el-
lipticity in the original beam profile by using a

cylindrical lens with a long focal length placed in

front of the crystal cell. This narrow ring re-

mained undisturbed only within a few millimeters

of the beam length. The thick ring of Fig. 3(b), on

the other hand, was practically unchanged over the

beam length of several centimeters.

To explain the experimental results and give a
theoretical description of the method, we calcu-

lated the image field on the right-hand side of the

lens L2 within the hollow-beam range marked in

Fig. 1. Since the object plane is in this case located

in front of the crystal cell, we calculated a virtual

object field that, propagating toward the lens in

free space, would result in the same field in the

image plane as the real self-phase modulated field.
To calculate the complex amplitude of the virtual

object field, we used Fresnel diffraction integral

written in cylindrical coordinates [23]:

Uðz; nÞ ¼
2p

ffiffiffiffi
Ip

p
kz

Z 1

0

qdq exp

�
� q2

W 2
LC

þ j
pq2

kz

�
þ uðqÞ

��
J0

2pnq
kz

� �
; ð1Þ

where the optical axis z (co-directed with the light

propagation) is chosen to have the origin in the
plane of the crystal�s back facet, and the calcula-

tions are performed for negative z. The radial co-

ordinate at z ¼ 0 is denoted by q, and that in the

plane of interest by n. The field at the crystal

output is assumed to be known and described by

Uð0; qÞ ¼
ffiffiffiffi
Ip

p
exp½�q2=W 2

LC þ juðqÞ�, where Ip is

the peak intensity and uðqÞ the phase difference

due to self-phase modulation (the incident wave
can be assumed to have a planar wavefront). The

function J0 is the zeroth-order Bessel function of

the first kind. We assume the phase difference uðqÞ
to be described by

uðqÞ ¼ 2p
k
Ln2Ip exp

�
� 2q2

W 2
LC

�
; ð2Þ
where L is the crystal thickness and n2 the non-

linear refractive index coefficient. We note that, in

reality, the phase u has a more complicated de-

pendence on q, Ip, WLC, and L, especially near the

Freedericksz transition [19,22]. However, the as-
sumed form of u can still provide an accurate

qualitative description [19,20]. The virtual-field

intensity is found as Iðz; nÞ ¼ jUðz; nÞj2. With the

parameter values used to create the beams in Figs.

2 and 3(a), which are Ip ¼ 1:8� 103 W/cm2 (the

intensity inside the crystal), WLC ¼ 80 lm, and

L ¼ 100 lm, numerical integration yields the vir-

tual-field intensity distribution Iðz; nÞ shown in
Fig. 4, when n2 is set to 2.3� 10�5 cm2/W. Fig. 4(a)

illustrates the longitudinal cross-section of the

virtual-field intensity profile in the Fresnel zone for

z in between )1.6 and )0.52 mm. The field inten-

sity is seen to be concentrated around a conical

surface with the apex positioned on the optical

axis. When z becomes smaller than about )1 mm,

the transverse intensity profile of the virtual field
starts to split into diffraction rings seen also in

Fig. 2(a). The intensity profile along the vertical

line at z ¼ �1:1 mm is shown in Fig. 4(b). The

parameters Dv and dv for this profile are equal to

230 and 7 lm, respectively. When the apex of the

conical surface is at the front focal plane of the

imaging lens L2 (Fig. 4(c)), the image of the virtual

field constitutes a cylindrical light surface of radius
Dr ¼ MDv with M ¼ f =a. The distance a turns out

to be 3 mm. Magnification M for creation of the

beam of Fig. 2 was 4.6. Using this value for M , we

obtain Dr � 1 mm and dr � 30 lm, which are close

to the values obtained in the experiment. Within a

distance dv (see Fig. 4(c)), the calculated virtual

field has nearly constant peak intensity. In

ray-optics approximation, the corresponding
distance dhb of the image is equal to f 2dv=ða2 � d2

v Þ,
which for d2

v � a2 yields dhb � M2dv. The effective

hollow-beam length is therefore equal to dhb �
4:62 � 0:5 mm � 10 mm, which again agrees well

with the experiment. Shifting the lens L2 further

from the crystal results in a smaller magnification

and, in addition, in a convergence of the hollow

beam (the case with the beam of Fig. 3(a)). If, on
the other hand, the lens is shifted towards the

crystal, the magnification M becomes larger and

the beam diverges.



Fig. 4. The calculated virtual-field intensity profiles in a plane containing the axis z (a) and in a perpendicular plane at z ¼ �1:1 mm

along a radial direction (b). The parameters Ip and WLC are chosen to be 1:8� 103 W/cm2 and 80 lm, respectively. Figure (c) shows

where the lens L2 should be positioned to produce a hollow beam with a constant diameter.
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Calculating the virtual fields for different values

of the original beam intensity Ip in the range

1.3� 103–2.4� 103 W/cm2, we found that the

diameter Dv does not depend on Ip, but the

distance a scales approximately as 1=Ip. Since

M ¼ f =a is proportional to Ip, the diameter
Dr ¼ DvM of the hollow beam increases together

with Ip (the lens L2 is supposed to be always

aligned for creation of a beam with a constant

diameter). The calculated parameters dr and dhb
show a weaker dependence on Ip. The same can be

said about the peak intensity Ir. In order to change

Ir in a wide range, one has to change the beam

diameter at the crystal input. As an example, we
calculated the virtual-field intensity Iðz; nÞ for the

parameters Ip ¼ 2� 103 W/cm2 and WLC ¼ 170 lm
used to obtain the thin light ring of Fig. 3(c). The

ratio dv=Dv obtained matches the experimental

value of dr=Dr ¼ 0:02, when the coefficient n2 is set
to 3� 10�5 cm2/W. The intensity profiles, a longi-

tudinal profile in the Fresnel zone and a transverse

one in the plane where the field has the maximum
peak intensity (at z ¼ �3:5 mm), are shown in

Fig. 5(a) and (b), respectively. The distance a is in

this case equal to 8.5 mm and the diameter Dv to

500 lm. With the experimental value for the
magnification, M ’ 2, the hollow-beam diameter

Dr is equal to 1 mm and dr is 20 lm. The effective

hollow-beam length is calculated to be dhb ¼
M2dv � 4 mm, where dv is taken to be equal to 1

mm. The peak intensity Ir ¼ Iv=M2 is now 875 W/

cm2, which is in good agreement with the experi-
ment. In fact, the values of Ip of the Gaussian

beam inside the crystal are close to each other in

all the examples discussed above (it is mostly de-

termined by the crystal properties). The same is

valid for the intensity Iv of the calculated virtual

field. Thus, as Ir ¼ Iv=M2, the way to adjust Ir is in
altering M . The magnification M required to keep

the beam non-diverging is determined by a, and a
is approximately proportional to WLC. Hence, for

rough estimations, the hollow-beam intensity Ir
can be considered to be Ir / W 2

LC. Creation of

thick-walled beams (like the one shown in

Fig. 3(b)) requires lowering of Ip close to the

Freedericksz transition. In this case, the calculated

parameters show more deviations from the results

of the experiments.
In conclusion, we have demonstrated the crea-

tion of a thin-walled hollow laser beam, using a

highly nonlinear nematic liquid crystal. An optical

system needed to produce beams of different sizes



Fig. 5. The virtual-field intensity profiles in a plane containing the axis z (a) and in a perpendicular plane at z ¼ �3:5 mm along a radial

direction (b). The parameters Ip and WLC are chosen to be 2� 103 W/cm2 and 170 lm, respectively.
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and peak intensities is (1) simple, (2) not sensitive

to alignment of optical elements (the light-induced

phase grating is a priory perfectly aligned), (3) able

to produce non-diverging hollow beams (as well
as diverging or converging ones), and (4) it

works equally well at different laser wavelengths.

We have also described the results obtained

using Fresnel diffraction theory and have pre-

sented some general rules for adjusting the beam

parameters.
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