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Generating an adjustable three-dimensional dark focus
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Conditions for generating a dark focus surrounded by light in all three dimensions are presented. A simple
technique for generating such a dark region is demonstrated experimentally. The method is compared with

previous attempts at creating a three-dimensional dark focus.
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A dark spot surrounded by regions of high light inten-
sity is desirable for applications such as optical tweez-
ers and atom trapping. High- and low-index particle
lateral trapping was demonstrated! and analyzed? with
a doughnut-shaped beam, where the dark focus was
surrounded by light in the lateral dimensions. Sev-
eral techniques for generating a dark focus surrounded
by light from all directions (three-dimensional dark fo-
cus) that were recently described used special phase®
and amplitude* masks and a spatial light modulator.’
In this Letter we present a simple criterion for the exis-
tence of a dark focus, propose an optical setup for gen-
erating a three-dimensional dark focus, and compare
our method with two recently described®* techniques
for generating a three-dimensional dark focus.

Assuming paraxial approximation, the field at the
focal point of an aberration-free lens system is directly
proportional to the zero spatial frequency component
of electric field E. The condition for zero intensity at
the focal point is therefore

[ Eids =0 s (1)
S

where S denotes the area of the lens aperture and
i represents each of the two transverse coordinates.
This condition implies that every optical beam with
a zero dc component will generate a dark focus.
This condition, however, is not satisfactory for the
existence of a dark focus that is surrounded by light
from all directions. For example, the doughnut
beam!? satisfies Eq. (1) but provides confinement
along only the lateral dimensions of the focused beam.
Three-dimensional dark focus requires a structurally
unstable beam that cannot be obtained with a single
propagation mode. Only interplay between two or
more structurally stable propagation modes, with two
or more of the modes having nonzero on-axis intensity
and different Guoy phase shifts,® can produce a three-
dimensional dark focus. Let us assume, for sim-
plicity, a monochromatic, radially symmetric field
distribution. The field amplitude U(r,z) can be
expanded in terms of Laguerre—Gauss (LLG) modes
with zero azimuthal mode index ug(r,z). The field
amplitude on the optical axis U(r = 0, z) is the sum of
all the on-axis amplitudes of the (structurally stable)
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LG modes:

U0,2) = > apApexpliy§(2) + idyl,
p

where a, is the expansion coefficient of the LG mode
ug, A, is a normalization constant, ¢, is the planar
phase of the mode, and tﬁg is its Guoy phase. Varia-
tions in the field amplitude along the optical axis are
due to the Guoy phase. A three-dimensional dark
focus occurs where U (0,0) = 0 and where U(0,z') # 0
for some z = z/, where 2z’ # 0. The radial and the
axial symmetry around the focal point z = 0 ensure
that the on-axis out-of-focus light will surround the
dark focal point from all directions. These conditions
for a three-dimensional dark focus imply that gener-
ating a dark trap is straightforward: Any monochro-
matic, radially symmetric beam, with nonzero on-axis
intensity at some point along the optical axis,
that satisfies Eq. (1) generates a three-dimensional
dark focus. The dimensions, geometry, and depth of
the three-dimensional dark focus can vary for a given
choice of field distribution at the far field.

In the experiment by Arlt and Padgett* that demon-
strated the generation of the optical bottle beam by
use of a diffractive optical element (DOE), a three-
dimensional dark focus was obtained by the interfer-
ence of two structurally stable beams with a 7 phase
difference in both the Guoy and planar phase terms.
A sketch of the cross section of the resulting beam af-
ter the DOE is plotted in Fig. 1a (solid curve) with the
two LG modes that form it (dotted curves). The beam
satisfies Eq. (1) and exhibits nonzero axial intensity at
one Rayleigh range from the focal point. DOEs allow
for simple and compact optical setup; however, the fab-
rication of these devices requires expertise in fabricat-
ing high-efficiency diffractive optics. Stray light from
the hologram reduces the contrast of the dark focus
but can be minimized by improvements in the photo-
graphic process.*

In an experiment by Ozeri et al.,® in which the dark
focus was used to trap atoms, Eq. (1) was satisfied by
means of a phase mask. After the mask, the beam has
its maximum intensity on the optical axis. A sketch
of the cross section of the field after the mask is shown
in Fig. 1b (solid curve) with the beam profile before
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a, Arlt and Padgett b, Ozeri et al.
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Fig. 1. Comparison of three techniques for generating
dark focus: a, use of an amplitude hologram (data taken
from Ref. 4); b, use of a phase element placed in the beam’s
optical path (data taken from Ref. 3); ¢, use of two inter-
fering beams with different curvatures. The far-field
distribution for each method was calculated assuming a
Gaussian-shape generating beam with ¢ = 2 mm.

the mask (dotted curve) and the phase change induced
by the mask (dashed line). This technique produces
a three-dimensional dark focus with low stray light.
The phase mask itself is designed for a specific wave-
length and beam geometry and can be fabricated by
use of a commercial optical coating machine. Like the
dark focus produced by DOEs, the phase mask allows
for a compact optical setup.

We propose another method for generating a
three-dimensional dark focus with off-the-shelf optics
that can be manipulated in real time to change the
properties of the focused beam. Consider two identi-
cal Gaussian beams, with opposing radii of curvature,
focused by a lens. We can write the expression for
the total field before the lens as

r2 ikr?
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where o is the transverse width of the beams, §; and
89 are the effective focal distances of the two beams
resulting from the small but opposite curvatures, §; =
—689 = 8, A¢ is the planar phase difference between
the beams, and 2 = 277/A, where A is the wavelength.
Substituting expression (2) into Eq. (1) yields
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where a is the radius of the focusing lens clear aper-
ture. We express § in terms of the focal length of lens
f and the separation between the two foci of beams Af
with the relation
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By tuning each of the parameters (o, f, Af, and A¢)
we can satisfy Eq. (3) and minimize the intensity at
the focal point. A simulation of the cross section of the
field in our experiment (solid curve) with the original
Gaussian cross section of the two beams before inter-
ference occurs (dotted curve) is shown in Fig. 1c.

The optical setup for obtaining a three-dimensional
dark focus is shown in Fig. 2. A beam from a He—Ne
laser at a wavelength of A = 632 nm is split into the
two arms of a 50/50 Mach—Zehnder interferometer.
The beam curvature on one arm is slightly changed by
two lenses separated by a distance of L = f; + f3 + €,
where f; = 100 mm and fo = 120 mm are the focal
lengths of lenses L1 and L2, respectively, and € deter-
mines the final curvature of the beam. The distance
between the lenses was tuned to separate the beam
waists by two Rayleigh ranges, Af = 2Zg, and their fo-
cal lengths were chosen to maintain similar transverse
beam widths at lens L3. A glass window is placed in
the other arm of the interferometer to match the op-
tical path length and to control phase difference A¢
between the two arms. The beam at the output of
the interferometer is focused with lens L3, which has
a focal length of f3 = 65 mm and a clear aperture of
a = 10 mm.

By solving the Fresnel integral, we simulated the
optical field distribution around the focal region for
the parameters of the experiment (A = 632 nm, f3 =
65 mm, a = 10 mm) and for a Gaussian intensity pro-
file (TEMyy mode) with o = 2.4 mm. The field dis-
tribution in the x—z plane around the focal point for
A¢ = 1.57 and Af = 2Zp was calculated and is shown
in gray scale in Fig. 3a, where high pixel values repre-
sent high field amplitudes. Field cross sections along
the z axis, the x axis, and the diagonal, where the
lowest point in the light wall around the focus is lo-
cated, are shown in Figs. 3b, 3c, and 3d, respectively.
The lowest point of the light wall has an intensity that
is 0.27 of the maximum wall height along the z axis.
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Fig. 2. Schematic of the optical setup for generating dark
focus: M, mirror; BS, beam splitter.
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Fig. 3. (a) Simulation of the optical field distribution
around the focal region. Field cross section along the
(b) z axis, (c¢) x axis, (d) the diagonal.
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Fig. 4. Experimental results showing the transverse in-
tensity cross section of the light for different locations along
the z axis. The left column shows the light distribution
for the dark focus (A¢ = 1.57), and the right column shows
the light distribution of a dark ring (A¢ = 1.47).

Because of the complete destructive interference and
the lack of stray light, the light intensity at the focal
point is identically zero; thus the height of the light
barrier is determined by the laser intensity only.

To demonstrate the generation of a dark focus, we
imaged the focal region of lens L3 (see Fig. 2) with
a 40X objective and a CCD camera. The phase dif-
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ference, A¢, between the two arms of the interfer-
ometer was adjusted to obtain the dark focus. The
beam transverse intensity profiles at z = 2Zg, Zr/2,
0, —Zr/2, and —2Zg, where Zg is the Rayleigh range,
are shown in the left column of Fig. 4. These pro-
files agree well with the simulated field distribution
in Fig. 3.

The optical setup provides some flexibility in op-
timizing and manipulating the intensity distribution
at the focus. For example, slightly tilting the glass
window allows the phase difference between the two
beams to be adjusted to A¢p = 1.47 to obtain a dark
ring around a bright focal region. Similar to the dark
spot, the ring is also completely surrounded by light,
although the light wall along the diagonals is slightly
lower. The ring diameter can be continuously tuned to
a certain extent by tilting the glass window. The dark
ring might be useful in controlling the interaction area
between the laser beam and low-index particles in op-
tical tweezers. A tunable-sized dark ring might also
allow for fine tuning the geometric shape of an atom
trap (see, for example, Ref. 7).

In this Letter we have presented the conditions for
generating dark focus and have shown that previous
attempts at generating dark focus satisfy these con-
ditions. The new technique demonstrated here also
satisfies these conditions, uses off-the-shelf compo-
nents, can be easily tuned to different wavelengths,
and allows for dynamic control over the shape of the
dark region. The use of an interferometric technique,
however, imposes requirements on component stabil-
ity that are not present for other techniques. In our
experiment we used a compact design for the inter-
ferometer, which helped reduce mechanical drift. In
future iterations of this method a compact interferome-
ter design with a closed-loop feedback stabilization
system could significantly improve the darkness
at the focus by optimizing the system’s long- and
short-term stability.
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