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Observed Scattering into a Dark Optical Vortex Core
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The dark core of an optical vortex was used to detect on-axis, forward-scattered light from a colloidal
solution in the single and multiple scattering regimes. Using no adjustable parameters we obtain good
agreement with a concentration-dependent scattering model.
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An optical vortex is characterized by a dark channel of
destructive interference that nulls coherent light [1]. Opti-
cal vortices occur naturally in cylindrical beams [2] and in
scattered light [3,4]. They may also be synthesized using
computer generated holograms [5–7] or diffractive opti-
cal elements [8,9]. In all these cases a vortex is produced
when the scalar phase around the dark vortex core in the
transverse plane is azimuthally harmonic —similar to an
orbital angular momentum state. The propagating phase
fronts are helical, and unless acted upon by a scattering
body, a vortex in a coherent beam will propagate to in-
finity. Scattering, however, may superimpose other modes
into the dark vortex core region, shifting or brightening
the core if the light is, respectively, coherent or incoherent.
The core may therefore be used as a window for a variety
of applications to detect scattered light without the blinding
effects of the unscattered coherent source [10]. Applica-
tions of this scheme may include the detection of objects
near bright sources (e.g., extra-solar planets, zodiacal dust,
missiles with attached plumes, or defects in laser optics),
optical tomography, or measurement techniques based on
light scattering.

When a laser beam shines through particles larger than
the wavelength, light is scattered in all directions; however,
the most intense scattering usually occurs in the forward di-
rection [11]. Light scattered along the optical axis is often
difficult to distinguish from the superimposed unscattered
laser beam, especially when there is a dilute concentra-
tion of weak scatterers. In typical scattering experiments
used to determine particle sizes, the intensity of the zero
angle scattered light is orders of magnitude smaller than
the beam intensity, and the signal is essentially lost in the
glare of the beam. Nonexistent or inaccurate zero angle
scattering data pose problems for techniques that use the
inverse scattering method to determine particle size dis-
tributions [12,13]. Thus a technique that nulls the coher-
ent on-axis unscattered radiation may allow more accurate
particle size determinations. Interferometric nulling tech-
niques [14,15] combining two or more beams have been
used to null a bright on-axis coherent source for scatter-
ing measurements or planet detection, but these systems
are sensitive to vibrations and alignment errors. In com-
parison, the nulling produced by a vortex phase mask, as
0031-9007�02�88(10)�103902(4)$20.00
discussed in this Letter, is relatively immune to vibrations,
and sensitive optical alignments are not required.

In cylindrical coordinates, a single ideal optical vortex
in the center of a beam propagating in the z direction may
be written

E�r , f,z� � A�r, z� exp�imf� exp�2ikz� , (1)

where A�r, z� is a circularly symmetric amplitude function,
k � 2p�l is the wave number of a monochromatic field
of wavelength l, and m is a signed integer known as the
topological charge. For convenience we assume m is posi-
tive. Total destructive interference occurs at r � 0 when
m is a nonzero integer, and thus Eq. (1) implies that the
diffracting envelope function A�r, z� remains zero valued
at r � 0 as the beam propagates [7]. In this Letter we
examine the case where the envelope initially has a pillbox
profile, except for a zero at r � 0. In the far-field region
(or in the focal plane of a lens) the vortex core diffracts
to a size that is on the order of the beam size. Within the
far-field core the fraction of power transmitted through a
centered aperture of radius r , Rdiff decreases as roughly
�r�Rdiff�1.4411.82m, where Rdiff is the radial size of the Airy
disk [10]. The darkness in the core is therefore enhanced as
the topological charge is increased. For noninteger values
of m, a radially diffracting line may accompany the vortex,
owing to a phase discontinuity along an edge.

A beam having a planar �m � 0� wave front may be
converted into a vortex beam by transmitting the beam
through a transparent mask having a thickness,

d � d0 2 ml0f�2p�ñ2 2 ñ1� , (2)

where d0 is the nominal thickness, l0 is the wavelength for
which the mask is intended, ñ2 is the refractive index of the
mask, and ñ1 is the index of refraction of the surrounding
medium. Discrete rather than continuous diffractive opti-
cal elements are more common, owing to the availability
of precise lithographic facilities. Our mask, fabricated by
the Consortium for Optical and Optoelectronic Technolo-
gies for Computing [16], resembled a spiral staircase hav-
ing eight steps, each differing in phase from its adjacent
neighbor by 2p�8. The mask was designed to produce a
vortex of charge m � 1 at l0 � 850 nm at an air-fused
silica interface.
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FIG. 1. Schematic diagram of the experiment showing light
from a laser beam passing through an 25 mm diameter aperture,
a 10 mm long scattering cell, a vortex phase mask, and an
imaging lens arranged for unity magnification onto a low noise
digital astronomy camera.

The mask, placed behind a scattering cell as shown in
Fig. 1, equally affects the phase of the scattered and un-
scattered light, but only the spatially coherent components
develop the intended vortex core. Assuming the incident
beam is spatially coherent, the field transmitted through
both the scattering cell and an ideal phase mask may be
written in the form of Eq. (1):

E�r , f,z� � �Acoh
unsc�r, z� 1 Acoh

sc �r, w, z� 1 Aincoh
sc �r, w, z��

3 exp�2im�l0�l�f� , (3)

where sc (unsc) and coh (incoh), respectively, indicate
scattered (unscattered) and coherent (incoherent) light. We
ignore the phase factor, exp�2ikn2d0 2 ikn1�z 2 d0��.
The complex scattered amplitude functions have spatial
distributions that depend on the shape and concentration
of scatterers, and they are generally time dependent, e.g.,
owing to moving particles or a finite coherence time of the
laser [17].

For simplicity we assume the intensity centroids of
each scattered beam coincide with the optical axis where
Acoh

unsc�r � 0, z� � 0. The complex speckle field, Acoh
sc ,

formed from the coherent superposition of fields from
many scatterers, may be highly structured. The vortex
position may be shifted by intensity and phase gradients
of the speckle; however, this effect may be negligible if
the coherence area of Acoh

sc in the detection plane is smaller
than a pixel. Thus we ignore Acoh

sc below. The term Aincoh
sc

is a random variable. For the case m�l0�l� � 61, the
resulting time integrated intensity in the vicinity of the
vortex core may be written

�jE�r,f,z ; t�j2	 � �jacoh
unscj

2	 �r�w�2

1 �jAincoh
sc j2	 1 Iincoh

0 , (4)

where we assume �Aincoh
sc 	 � 0 and Acoh

unsc � acoh
unscr�w for

r ø w, where w is the characteristic size of the beam,
and we have added the term Iincoh

0 which is attributed to
incoherent light from the laser source. Equation (4) shows
that the incoherently scattered radiation can be directly
measured by placing a small detector at the vortex cen-
ter, r � 0, when Iincoh

0 ø �jAincoh
sc j2	. This result may be
103902-2
generalized for a vortex core translated to any point in the
beam, thereby allowing the angular measurement of the
scattering spectrum.

Yang et al. estimated the far-field concentration depen-
dent incoherent scattering distribution for a few scattering
events [18], which we express as

�jAincoh
sc j2	�Icoh

0 �
X

j

�Cjaj�j!� �r�r0�j exp�2r�r0�

3 exp�22.69aj�wr�lz�2� , (5)

where j is the number of times the light is scattered be-
fore emerging from the cell, the coefficients 0 # Cj # 1
are coherence factors determined from experimental data,
aj � �1 1 0.273jw2�w2

s �21, r0 � �pR2L�21 is the scat-
tering extinction parameter (L is the length of the cell, and
R is the particle radius), w is the radial size of the aper-
ture near the input face of the cell, ws � Rn2�n1 (n2�n1
is the ratio of refractive indices of the particle and the
host medium), and Icoh

0 is the scatter-free on-axis inten-
sity when the phase mask is removed, r is the distance
from the optical axis in the transverse far field plane, and
z is the far-field distance from the aperture to the object
plane —here the output face of the cell.

To demonstrate the coherence filtering ability of a
vortex phase mask, a HeNe laser beam �l � 632.8 nm�
was passed through a scattering cell containing an
aqueous suspension of 2R � 2.25 mm diameter poly-
styrene spheres �n2 � 1.59, n1 � 1.33, ws � 1.34 mm�.
The concentration of spheres, r, was varied from 0 to
2.3 3 108 spheres�ml in the L � 10 mm long cell. A
10 nm laser filter was placed at the output of the laser
to reject broadband radiation from the plasma tube. A
2w � 25 mm diameter aperture was placed near the input
face of the cell, thereby achieving a value of a1 � 0.04.
(Note: a larger aperture produces a smaller fraction of
scattered light, whereas a smaller aperture results in a
weaker signal.) The output plane of the scattering cell was
imaged without magnification with a 50 mm focal length,
f�2 lens, onto a Meade Pictor Model 416XT 16 bit digital
camera having 9 mm 3 9 mm pixels. To take advantage
of the full dynamic range of the camera, time exposures
varied from Texp � 30 s for strong scattering to 1 s for
weak scattering. To achieve a large diffracted vortex core
in the detection plane, the vortex phase mask was placed
near the imaging lens.

Samples of the recorded images are shown in Fig. 2.
Note that dark frame images have been subtracted to in-
crease the accuracy of our data. The scatter-free case,
r � 0, in Fig. 2(a) shows a vortex core at the origin [even
though jmj �l0�l� is greater than unity], as well as ra-
dial diffraction lines caused by the discrete phase steps
on the mask. We confirmed the vortex nulling effect pre-
dicted in Ref. [10] by determining the ratio of power in
the core to that of the total beam: �dP�Ptotal�exp � 1025,
whereas �dP�Ptotal�theory � 3 3 1026. In the strong scat-
tering case, r � 2.3 3 108 cm23, diffuse light fills the
103902-2
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FIG. 2. Recorded intensity distributions for (a) zero scattering
and (b) high scattering. Superimposed line plots show intensity
profiles, I�x, y � 0�, through the vortex cores. The intensity
nearly vanishes in (a), but is nonzero due to zero-angle scattering
in (b).

image in Fig. 2(b). Line plots superimposed on the im-
ages depict the intensity distributions through the vortex
and across the beam. We note that speckle from coherent
scattering is not seen owing to long integration times and
an average speckle area about the size of a pixel.

To quantify the amount of light scattered into the vortex
core we determined the average number of counts per pixel
per second, k, within a 3 3 3 array of pixels centered
on the vortex at r � 0. A mean value was obtained by
averaging over three repeated measurements at a given
concentration:

kr � T21
exp

3X

i,j,k�1

�1�27�nk�xi , yj� , (6)

where nk is the number of photons counted at the pixel
labeled by �i, j�. For comparison we also measured the
average counts per pixel per second, Kr , over a large area
of the beam. The ratio kr�Kr�0, which may be com-
pared with Eq. (5), is shown in Fig. 3 as a function of
the normalized particle concentration r�r0, where r0 �
2.5 3 107 cm23. As expected from Eq. (5), the relative
intensity of the core initially increases as r�r0 increases,
and then decreases as scattering attenuates the transmit-
ted light. The solid line in Fig. 3 represents the calculated
values of Eq. (5). The coefficient C0 is assigned the mea-
sured values kr�0�Kr�0 � 0.033. The scattered light is
expected to be incoherent, and thus we set Cj.0 � 1. The
summation in Eq. (5) may be terminated at j � 3 since
the model is valid for only a few scattering events. Thus,
using no adjustable parameters, we find good agreement
between our data and the predicted values in Eq. (5).

In conclusion, we have used an optical vortex phase
mask to null unscattered coherent light and measure
incoherent scattered light along the optical axis. The
concentration dependent scattering intensity agreed with
a theoretical model for multiple scattering. This novel
technique may be generalized to measure the scattering
spectrum by translating the phase mask across the scat-
tered beam. Our measurements confirm that an optical
vortex may be used as a window to measure a weak
103902-3
κ
Κ0

10-4

10-3

10-2

10-1

0 2 4 6 8 10ρ/ρ
0

FIG. 3. Zero-angle scattered light as a function of scattering
concentration where r0 � 2.5 3 107 cm23, k is proportional
to the average intensity over a small region of the vortex core,
and K0 is proportional to the average intensity across a large area
of the beam at r � 0. The experimental data (circles) agrees
well with a multiple scattering theoretical model (line).

optical signal in the presence of an intense superimposed
coherent beam of light.
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