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A simple technique for determining the topological charge of supercontinuum optical vortices is presented.
The spatial dispersion inherent to generating broadband vortices with a single forked grating is compensated with
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consistently measured, across a wide range of colors. © 2012 Optical Society of America
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1. INTRODUCTION
Optical vortices have garnered much attention in recent years.
With the introduction of optical phase singularities by Nye and
Berry [1], and the subsequent demonstration that vortex
beams can carry orbital angular momentum [2], there has
been steady research in the generation of vortex beams from
static and programmable optical elements. Several review
articles exist, including an excellent discussion byDennis et al.
[3]. The production of vortex beams with continuous-wave
(cw) lasers has been explored in great detail [4]. Recently,
the generation of vortex beams with femtosecond (fs) lasers
has also been demonstrated [5]. With their increased band-
width, fs pulses create a dispersion problem that does not
plague vortex generation with cw lasers. Namely, the common
approach of using a forked grating to create a vortex in the
first-order diffracted beam creates a large amount of spatial
chirp with a broad-bandwidth fs laser source. This spatial dis-
persion may be compensated with the use of a second grating
[5–7], or by a second reflection off the same spatial-light mod-
ulator (SLM) [8], using the “unused” portion of the initial
forked grating pattern. It has been demonstrated that 20 fs
vortex beams may be generated using a prism pair and a
forked grating [9]. It has also been demonstrated that arbitrary
spatial patterns may be generated in fs fields with two SLMs
[10]. Vortices generated from the output of a microstructured
optical fiber have also attracted attention recently [11]. With
the octave-spanning bandwidth available in these superconti-
nuum (SC) sources, the dispersion problem becomes even
more extreme. The theoretical treatment of colored vortices
has been studied extensively by Berry [12], and several ap-
proaches have been demonstrated for achromatic white-light
vortices, including the use of a SLM and prism to explore chro-
matic effects in a white-light vortex [13], the demonstration
of achromatic Bessel beams [14], and the use of an axially
symmetric polarizer combined with waveplates and linear
polarizers to generate SC vortices [15].

Various techniques have been developed in recent years
to measure the orbital angular momentum of optical vortex
beams. For instance, the use of a second SLM permits the
sorting of angular momentum states and the determination
of their charge [16,17] and spectrum [18]. Damann gratings
have been used to sort vortex beams [19]. It was also shown
that the intensity profile in the focal plane of a cylindrical
lens contains information about the charge of polychromatic
vortex beams [20]. This simple technique was applied suc-
cessfully to measure the charge of fs vortex beams [21]. An-
other approach for measuring vortex charge was recently
demonstrated that uses a triangular aperture to diffract the
beam [22]. The ensuing diffraction pattern contains informa-
tion on the magnitude and sign of the topological charge. It
was subsequently demonstrated that this technique could be
applied to narrowband fs vortex beams and non-integer vor-
tices with a metallic triangular aperture [23]. For fs pulses,
this noninterferometric technique is much simpler than
superposing vortices with plane waves. However, any spa-
tial dispersion present in the vortex tends to wash out the
triangular diffraction pattern. Mourka et al. also explored
the non-integer case by using a second SLM to mimic the
triangular aperture, and further demonstrated that the trian-
gular aperture technique could be applied to SC sources,
with a prism correcting for the spatial chirp induced by
the forked grating [24]. In this paper, we present a unique
approach for generating ultrabroadband optical vortices
using two passes off a single segmented SLM, and measur-
ing their charge using the triangular aperture technique.

2. VORTEX GENERATION
The essential element in generating an optical vortex is the
now familiar spiral phase plate. The application of this spiral
phase to a coherent beam in the near field results in an
optical vortex beam in the far field. The applied phase
pattern resembles a spiral staircase, where the phase value
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along a given azimuth is constant and rises for increasing
values of the azimuthal angle. When the maximum value of
the phase is equal to an integer multiple of 2π, the resulting
far-field intensity pattern is azimuthally symmetric in ampli-
tude with a null at its center [1]. For such a beam, the phase
ranges in value from zero to 2πm as determined by the
phase applied in the near field, where m is an integer that de-
fines the “charge” of the vortex. The resulting focal pattern is
often referred to as a “donut mode”, and for m � 1 is the
equivalent of the LG1

0 (Laguerre-Gaussian) transverse mode.
Since it is common practice to use a SLM to imprint these

phase patterns onto an incident beam, the phase distribution
is typically written modulo 2π, allowing for the full use of the
dynamic range of the SLM in the zero to 2π range, while still
allowing for the equivalent of arbitrarily high phases to be ex-
pressed [25–27]. A modulo 2π spiral phase pattern of chargem
will be made up of m phase segments, each ranging in phase
from 0–2π. While such a spiral “pinwheel” phase pattern
should in principle produce a clean vortex beam, in practice
it is usually necessary to spatially separate the properly
phase-shifted portions of the incident beam from an unshifted
background. For example, in the case of a reflective SLM, a
fraction of the beam reflects off of the protective window and
other interfaces. For wavelengths that are outside of the anti-
reflective coating of the device, this reflection can be espe-
cially significant and detrimental. A common approach is to
add a “diffraction grating” to the SLM vortex pattern. By
applying a tilted phase front to the beam, the phase-shifted
portion of the beam is diverted to one side, resulting in the
necessary spatial separation from the unshifted part of the
beam that remains centered. When displayed modulo 2π,
the phase tilt resembles a blazed diffraction grating. In Fig. 1,
the spiral phase plate and phase tilt are combined, resulting in
the familiar “forked” phase pattern typically used to create op-
tical vortices.

3. SPATIAL CHIRP CORRECTION
When using a broadband source, consideration must be given
to the application of a phase pattern over a wide spectral
range. Since the SLM phase will be calibrated only for a single
color, it may seem that at other wavelengths a proper vortex
will not be formed. But due to the application of the blazed
grating pattern, only the properly converted “donut” portion
of the beam will be diffracted away from the zeroth order.
Indeed, the addition of a miscalibrated grating to an equally
miscalibrated spiral phase results in an excellent vortex
beam for all colors [11,13,14]. Although the vortex for any
particular color is intact, there is a spatial separation of dif-
ferent colors in the case of a single forked grating. This is most
readily compensated for with a second grating, which re-
moves the spatial chirp [5,28,29]. The technique presented
here makes use of a second pass off of a grating imprinted on
a portion of our large-aperture SLM. This approach allows for
full dynamic control of the spatial chirp compensation inde-
pendent from the generation of the vortex beams themselves.

To demonstrate theoretically that our double pass config-
uration generates a broadband vortex beam free of spatial
chirp, we unfold our actual setup (to be discussed in a later
section) into the straight-line, 6f optical setup shown in Fig. 2.

In this setup, three lenses are placed one focal length apart
from each focal plane. A standard grating G is in the front fo-
cal plane of lens L1 and a fork grating FG is in the focal plane
between lenses L2 and L3. We assume that an initially colli-
mated, ultrashort Gaussian beam approaches the system
from the left. We will follow the propagation of each spectral
component of the beam separately. We write the spatial
amplitude profile of any of the spectral components of the
incident field as

u0�x; y� ∝ exp
�
−
x2 � y2

w2
0

�
; (1)

Fig. 1. Spiral phase combined with a phase tilt results in the familiar forked phase pattern. (a) A spiral phase ranging from 0–10π is (b) displayed
modulo 2π, resulting in a phase plate with five 0–2π segments. Likewise, (c) a phase tilt is (d) displayed modulo 2π, resulting in a blazed grating. The
addition of these two patterns results in (e) a forked phase pattern.
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where w0 is the beam waist. The incident light beam goes
through grating G, and the transmitted light, immediately
behind the grating is

uG�x0; y0� ∝ exp
�
−
x20 � y20

w2
0

�
exp

�
in

2π
d
x0

�
; (2)

where d is the period of the grating, and n is the diffraction
order. Because the diffraction angle of the grating is wave-
length dependent, the spectral components of the beam will
be spatially separated at the 2f focal plane. To see this, we
evaluate the electric field at the 2f Fourier plane by solving
the Kirchhoff-Fresnel integral

u2f �x2; y2� ∝
Z

∞

−∞

Z
∞

−∞

exp
�
−
x20 � y20

w2
0

�
exp

�
in

2π
d
x0

�

× exp
�
−
ik
f
�x0x2 � y0y2�

�
dx0dy0: (3)

By placing an aperture at the 2f plane, we allow only the n �
�1 diffraction order to propagate, such that the resulting light
field after the aperture is

ua�x2; y2� ∝ exp
�
−
�x2 − λf ∕ d�2 � y22

�λf ∕ πw0�2
�
: (4)

The center of the Gaussian envelope has been laterally dis-
placed by an amount proportional to the wavelength of the
spectral component: x � λf ∕ d. This field is transmitted
through lens L2 to impinge onto the fork grating FG at the
4f plane. At this point, the field is

u4f �x4; y4� ∝
Z �∞

−∞

Z �∞

−∞

exp
�
−
�x2 − λf ∕ d�2 � y22

�λf ∕ πw0�2
�

× exp
�
ik
f
�x2x4 � y2y4�

�
dx2dy2: (5)

Integrating the above expression gives the electric field just
before the fork grating,

u4f �x4; y4� ∝ exp
�
−
x24 � y24

w2
0

�
exp

�
i
2π
d
x4

�
: (6)

The FG adds two phase terms to the light field: one corre-
sponding to a standard diffraction grating and another

corresponding to the vortex charge m. The transmitted light
field, immediately behind the FG, is then

uFG�x4; y4� ∝ exp
�
−
x24 � y24

w2
0

�
exp

�
−im tan−1�y4 ∕ x4�

�

× exp
�
i
2π
d
x4�1� N�

�
; (7)

whereN is the diffraction order induced by the fork grating. In
polar coordinates,

uFG�r4;φ4� ∝ exp
�
−
r24
w2

0

�
expf−imφ4g

× exp
�
i
2π
d
�1� N�r4 cos φ4

�
: (8)

Substituting the above result into the Fresnel diffraction inte-
gral, we find the vortex field in the final 6f Fourier plane to be

E�r6;φ6� ∝
�p − q�2w2

0π
3 ∕ 2

4
�−i�m exp

�
−
�p − q�2w2

0

8

�

×
�
Ym−1

2

��p − q�2w2
0

8

�
− Ym�1

2

��p − q�2w2
0

8

��
; (9)

where q � 2π�1� N� ∕ d and p � kr6 ∕ f . The term Y α�x� is a
Bessel function of the second kind. The graphical representa-
tion of Eq. (9) is shown in Fig. 3, where we plot cross sectional

Fig. 2. Unfolded, 6f optical system used for spatial chirp correction.
From left to right, the field amplitude at each plane is indicated by
U�x; y�. A grating is placed at plane 0 (the x0, y0 plane, which is
the first reflection from the SLM), nothing is placed at plane 2 (reflec-
tion from our mirror), and a forked grating is placed at plane 4 (second
pass off the SLM). The outgoing field is at plane 6. Lenses L1–L3 are all
identical.

Fig. 3. (Color online) Calculated cross sections of optical vortices
(charge m � 3) emerging from the (a) doubly chirped and
(b) zero-chirp optical system. The three vortices shown in both cases
correspond to the wavelengths 550 nm (dashed green line), 580 nm
(solid orange line), and 619 nm (dotted red line). For the calculations,
we used f � 70 cm, w0 � 173 μm, and grating period d � 325 μm.
These parameters were chosen to approximate the conditions of
our experiment.
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slices of the electric field intensity. Two solutions for the
vortices at this final Fourier plane are of interest. In one solu-
tion, the N � �1 (q ≠ 0) diffraction order, the vortices are
doubly dispersive, which is shown in Fig. 3(a). The separation
of colors is clearly visible, with the red wavelengths getting
pushed farther away from the origin compared to the green
wavelengths. The other solution corresponds to N � −1
(q � 0), for which the spatial chirp is eliminated, thus allowing
the multiple wavelengths of the broadband light to overlap
and form one vortex. This is shown in Fig. 3(b), where we
see that the various colors now overlap. We should point
out that there is a slight change in the size of the vortex
for different wavelengths, as expected and as seen in the fig-
ure, but the vortices are now all centered about the origin.

4. TRIANGULAR APERTURE TECHNIQUE
In order to measure the charge of the vortex beams, we
employ the triangular diffraction method developed by
Hickmann et al. [22]. As these authors showed, when an op-
tical vortex illuminates an equilateral triangular aperture, a
truncated triangular lattice is produced in the far field that is
correlated with the topological charge m of the vortex beam.
The triangular lattice results from the superposition of the
diffraction patterns from each edge of the triangular aperture.
As shown in [22], if a vortex field exp�imφ� illuminates the
aperture, the far field resulting from diffraction by the horizon-
tal edge (lying along the x transverse Cartesian coordinate) of
the aperture is

E�kx; ky� ∝ δ
	
kx − 2





3

p
m ∕ a

�
; (10)

where a is the size of each side of the triangle; kx;y are the
coordinates in the Fourier plane; and δ is the Dirac delta func-
tion. In deriving Eq. (10), the horizontal edge of the aperture
was approximated by an infinitesimally wide and infinitely
long slit [22]. Equation (10) shows that the diffraction pattern
is shifted in reciprocal space by an amount that is proportional
to the topological charge m of the vortex beam. The shift for
positive m will be in the opposite direction of the shift for ne-
gativem. A similar result is obtained for the two slant edges of
the aperture. Basically, each aperture edge sends out a light
fan in a direction perpendicular to its spatial orientation. For a
m � 0 field, appreciable interference between the three light
fans occurs only at the center of the triangular aperture, creat-
ing there a single bright spot. For an incident electric field
with m ≠ 0, the light fans overlap at positions other than
the aperture’s center. Since diffraction from the edges of a fi-
nite sized aperture will also produce parallel and equally
spaced satellite fans [30], superposition of the many light fans
will create a triangular lattice of bright spots in the Fourier
plane whenever m ≠ 0. The topological charge of the vortex
beam determines the size of the triangular lattice since the
charge is related to how far the light fans from each edge
is shifted in reciprocal space. The diffraction pattern can
be used to determine the charge of the beam just by counting
the number N of external spots of the resulting triangular lat-
tice. The topological charge is simplym � N − 1 [22]. Further-
more, the sign of the charge can also be identified from the
orientation of the triangular lattice, which differs by a 180°
rotation between positive and negative charges.

This approach has already found success in uncovering the
charge of fs vortex beams [23]. In the study present therein,
the authors used numerical modeling techniques to theoreti-
cally predict the spatial patterns arising from diffraction of
cw and fs vortex beams. The modeling indicated that with spa-
tial chirp, the diffraction pattern is quickly washed out with
increasing charge or spectral bandwidth. The study also
pointed out, however, that if a broadband beam has no spatial
chirp, the triangular method is perfectly suited for measuring
the charge of ultra-broadband vortex beams. In the work
presented here, we combine double-pass spatial chirp com-
pensation with the triangular aperture technique to make
broadband vortex charge measurements.

5. EXPERIMENTAL SETUP
A. Laser System
The laser system used for this experiment is a home-built Ti:
Sapphire fs oscillator pumped by a Spectra-Physics Millenia at
3 watts. The oscillator emits 50 fs pulses at an 80 MHz repeti-
tion rate with an average power of 150 mW. This beam has a
center wavelength of roughly 800 nm. After exiting the oscil-
lator cavity, the beam passes through a 4f grating pair pulse
shaper used for spectral dispersion compensation. After the
pulse shaper, the laser (75 mW) is coupled into a microstruc-
tured fiber (NKT Femtowhite 800) with a 20× microscope ob-
jective. This creates a SC beam with a spectrum that spans
from 500 nm to over 1.1 μm. The output from the SC generator
then enters our SLM setup, shown in Fig. 4. The rapidly diver-
ging output from the fiber is collimated with an f � 70 cm
achromatic lens, and then impinges onto our reflective SLM.

This approach is advantageous since the small core of the
fiber (∼1 μm) acts as an excellent point source. Combined
with the relatively long focal length lens (70 cm), a very good
plane wave is produced at the face of the SLM. This was con-
firmed by evaluating the collimated beam with a shear plate
near the position of the SLM. Although this approach does not
collect all the light from the fiber (the beam expands well be-
yond the 2” diameter of the lens), we have sufficient overhead
optical power that this is not a major hindrance.

Fig. 4. (Color online) Experimental apparatus for generation of dis-
persion-free supercontinuum vortices. The items in the dashed box
(triangular aperture directly in front of lens) are added to measure
the topological charge. SCG, supercontinuum generator; M1, M2, mir-
rors; L1, 70 cm focal length achromatic lens, 2” diameter; L2 � 10 cm
and L3 � 15 cm, focal lengths, 1” diameter; SLM, spatial light modu-
lator. Beam path is approximate, as beams are large, filling each
half of the SLM. Path lengths are as follows: SCG to L1 � 70 cm,
L1 to SLM � 70 cm, L1 to Fourier plane � 70 cm, Fourier plane to
L2∼ 20 cm, L2 to L3∼ 20 cm, L3 to CCD � 15 cm.
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Note that in the results presented here, cw, fs, and SC, all of
the optical paths are similar. All beams are coming from the
SC fiber source, and it is simply the laser operation and power
that are adjusted. To adjust the laser parameters to explore
the three different cases of cw, fs, or SC, the following pre-
scription is used. For cw, the laser is put in cw mode
(<4 nm bandwidth). This beam enters and exits the fiber
as a cw beam. For fs, the laser is modelocked, but an attenua-
tor is used before the fiber to keep the power low. Thus there
is no SC generation in the fiber, and the input 40 nm band-
width exits the fiber as a 40 nm bandwidth. For the SC studies,
the attenuator is removed, allowing for enough power to enter
the fiber and to create the SC. This spectrum is broad, ranging
from the green (∼550 nm) to the near-infrared (∼1.2 μm).

B. Zero Spatial Chirp
As shown in Fig. 4, the return beam from the first half of the
SLM travels back through the 70 cm lens, where it is steered
with mirror M1 onto a second mirror M2. Mirror M2 is situated
70 cm from the lens, in the image plane of the 4f system. With
a blazed forked grating on the first half of the SLM, three spots
appear in the image plane: the�1, 0, and −1 diffracted orders.
Because of the encoded blaze in the phase pattern, most of the
optical power appears as a vortex in the �1 diffracted order.
The 0 and −1 orders can be blocked by a razor blade. Mirror
M2 then directs the �1 order back through the lens, toward
the second half of the SLM, which contains a blazed diffrac-
tion grating (identical to the first, simply without the vortex).
The beam again travels back through the lens at a slightly dif-
ferent angle, skimming past mirror M2 on its way to a 10 cm
lens, which is used to image the vortex onto the CCD camera
(Dataray Windcam-D). All three diffracted orders (�1, 0, −1)
may be viewed simultaneously on the camera, or a razor blade
may be inserted in the Fourier plane to isolate certain orders
(in an effort to improve visibility on the camera).

C. Triangular Aperture
The experimental results presented here consist of two dis-
tinct elements. The first is the production of vortices with
no spatial dispersion. This was achieved with the setup shown
in Fig. 4, and the results are presented in the next section. The
second step consisted of measuring the topological charge of
these vortices using the triangular aperture technique. To do
this, the lens L2 was adjusted to magnify the focused vortex
beam to the approximate size of our triangular apertures,
shown in the dashed box in Fig. 4. Triangular apertures of dif-
ferent sizes were made by adhering metallic adhesive tape to a
substrate with large holes in it, thus providing an aperture in
air [23]. The entire housing was mounted on an x-y translation
stage in order to carefully align the triangular aperture with
the vortex beam. A 15 cm lens (L3) was placed immediately
after the triangular aperture in order to image the diffraction
pattern onto the CCD array. Images were recorded on a mono-
chrome CCD array (Dataray Wincam-D) or a color CCD array
(Canon T2).

D. Spatial Light Modulator
The SLM (Hamamatsu X8267-14) is a back-illuminated liquid-
crystal-on-silicon design that eliminates pixilation and has a
100% fill factor. The reflective nature of this device is ideal
for high power beams (it can handle an amplified system

as well). Our particular device is antireflection (AR) coated
for 800 nm, which means that it is difficult to efficiently dif-
fract energy at visible wavelengths. But if there is sufficient
power at shorter wavelengths, this problem may be com-
pensated for with a proper choice of grayscale settings to
achieve a user-designed color balance more representative
of visual “white” [31]. The SLM acts as a phase-only filter, with
the grayscale level indicating the level of added phase
(black � 0, white � 2π). This is a well-known technique for
beam modulation. A LabView program was written to control
the SLM. Since this is a large aperture SLM (2 cm × 2 cm),
there is ample room to segment the active area. A screenshot
of the pattern applied to the SLM is shown in Fig. 5. In this
figure, the two independent halves of the SLM are clearly
seen: the left half of the SLM contains a forked grating inside
a circular apodizing function (giving better vortex beams), the
right side of the SLM contains a blazed grating. Note that the
grating spacing is identical on each half of the SLM. This ar-
rangement has several advantages. First, it is completely pro-
grammable, meaning either section may be turned off for
direct comparison to the single pass case. Second, the blaze
angle may be reversed on the second pass, leading to a doubly
dispersive element. Third, the grayscale levels may be ad-
justed to maximize the diffraction efficiency at a particular
wavelength. And fourth, the ability to rapidly change the
phase patterns means that “optimum” solutions could be
found in a feedback arrangement [32].

6. RESULTS
A. Zero Spatial Chirp
Using this experimental arrangement, we have observed that
with a single pass off of a forked grating, high-quality broad-
band vortices are produced by the SC fiber source, albeit with
spatial chirp. With the new alignment scheme presented here
(i.e., sending the beam back for a second pass off the SLM),
this so-called double-pass configuration allows us to make the
system either doubly dispersive, or corrected (spatial chirp
removed). Namely, we can add even more spatial chirp to
the beam (doubly dispersive), by using the�1 diffracted order
on the first pass, and the −1 order on the second pass. To re-
move the spatial chirp entirely (corrected case), the �1 dif-
fracted orders are used on each pass (note the orientation
is reversed because of the reflection from the mirror). The

Fig. 5. Screenshot of the grayscale pattern displayed on the SLM.
The left half of the SLM displays an apodized forked grating for gen-
erating a vortex beam. The right half displays only a blazed grating.
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unique advantage of a fully programmable system, as opposed
to a static holographic plate, is it allows the user to generate
extra spatial chirp, or to remove it altogether. In all the results
presented herein, we have chosen to compare the dispersion-
corrected case to the doubly dispersive case, rather than to
the single forked grating case. This is both illustrative (the
single-forked grating generates roughly half the spatial chirp)
and demonstrative (the unique versatility of this approach al-
lows for precise tailoring of spatial chirp, which could be use-
ful in various pulse measurement schemes, for example [33].)

By switching the grating blaze angle on the second pass, we
can switch between the doubly dispersive and the dispersion-
corrected case. In order to explore the effect this has on laser
bandwidth, we observe three separate laser modes (cw, fs,
and SC) by adjusting the modelocking and laser power as
explained in the experimental section earlier. (Note that
the optical geometry shown in Fig. 4 is identical for all three
laser modes.) Figure 6 shows the results, where the top row
shows a charge 3 cw vortex generated in the doubly dispersive
case (left) and the corrected case (right). As expected, there is
little difference for the doubly dispersive or corrected config-
urations with a cw beam. (Note that the energy distribution in
all the vortices presented here is not perfectly uniform due to
small distortions in our optical system.) The second row
shows the same experiment, but this time with a fs pulse
of approximately 40 nm bandwidth. There is clearly spatial
dispersion in the left pane, and the spatial dispersion is re-
moved in the right pane. In the third row of Fig. 6, the full
SC beam is used. The amount of bandwidth recorded here
is large (∼120 nm) compared to the fs case, effectively de-
stroying our doubly dispersed vortex, i.e., there is no remain-
ing singularity (hole) in the beam, as seen in Fig. 6(c). By
including the second grating in our double-pass configuration,
the spatial dispersion is corrected, effectively restoring the
vortex, as seen in Fig. 6(f). In fact, the three vortices presented
in the right column look remarkably similar, despite the dra-
matic increase in bandwidth.

The SC fiber source has a spectrum that spans from
500 nm to over 1100 nm. The image recorded here, however,
has a much narrower spectral bandwidth for two reasons.
First, the SLM is broadband AR coated, which means it is

rather lossy at wavelengths far from the design wavelength
of 800 nm. Second, the silicon CCD array has higher re-
sponse in the 800–900 nm range than at shorter or longer
wavelengths.

In an effort to visualize this result for the full spectrum of
the SC, the monochrome CCD array was replaced by a color
CCD array. In this case, we used a digital single lens reflex
camera (Canon T2), and removed the camera’s lens in order
to image directly onto the CCD array. These cameras consist
of a standard monochrome CCD array with an RGB filter on
top of the array. The RGB filter is segmented to give rows of
red, green, and blue, thus reproducing a true color image. The
results are shown in Fig. 7. The first row shows a vortex at a
center wavelength of 550 nm. This was achieved by using a
variable wavelength filter at the output of the fiber. By adjust-
ing the position of this filter transverse to the beam, different
spectral regions of a bandwidth equal to 10 nm are allowed to
pass through. The left column of Fig. 7 shows the doubly dis-
persive results, and the right column shows the corrected re-
sults. Note that the position of the vortices in the left column
shift horizontally as the wavelength is increased from 550 nm
to 580 nm to 619 nm due to grating diffraction. The right col-
umn shows the corrected results, and it is clear that there is no
lateral shift of the beam in this case; the spatial dispersion has

Fig. 6. (Color online) Charge 3 vortex is generated in the doubly dis-
persive case for (a) continuous wave (CW), (b) femtosecond (fs), and
(c) supercontinuum (NIR SC). The dispersion-corrected case is shown
for (d) CW, (e) fs, and (f) NIR SC.

Fig. 7. (Color online) Color vortices are recorded with a color DSLR
CCD array. The left column shows the doubly dispersive results at
wavelengths (a) 550 nm, (b) 580 nm, (c) 619 nm, and (d) full spectrum.
The right column shows the dispersion-corrected results for
(e) 550 nm, (f) 580 nm, (g) 619 nm, and (h) full spectrum.

Anderson et al. Vol. 29, No. 8 / August 2012 / J. Opt. Soc. Am. B 1973



been corrected. The bottom row shows the full spectrum from
the SC source, both in the doubly dispersive case (left) and the
corrected case (right).

As seen in the bottom row of Fig. 7, there is a dramatic
improvement in the spatial quality of the vortex beam for
the doubly dispersive and corrected case when using ultra-
broadband sources. The residual red tint is simply a response
of the diffraction efficiency of our device, which favors red
light. After a second pass off the SLM, the amount of green
light diminishes rapidly. However, this could, in principle,
be compensated for with an appropriate weighting of the
input spectrum and a change to the grayscale of the SLM, mak-
ing it possible to obtain a better color balance in the final
vortex.

B. Triangular Aperture
In Fig. 8(a) we show the vortex diffraction pattern from a tri-
angular aperture seen when the laser, operating in cw mode,
makes a doubly dispersive pass through the system. A lattice
of spots arranged in a triangular pattern is formed. The num-
ber of spots along the side of the outer triangle is one greater
than the vortex’s topological charge [22]. In this particular
case, four spots can be counted, corresponding to a charge
3 vortex. In fs mode, Fig. 8(b), the triangular pattern is still
discernible, although the spots are smeared. This smearing
was attributed to the spatial chirp suffered by the broadband
vortex, and numerical simulations supported this hypothesis
[23]. For higher charge vortices, smearing of the individual
spots near the edges of the pattern makes it impossible to
count the number of spots, limiting the applicability of the
technique [23]. When a SC spectrum is being generated in

the fiber, the spots are severely smeared, and a triangular
lattice can no longer be identified, as seen in Fig. 8(c).

Correcting the spatial chirp greatly improves the triangu-
lar aperture technique when using a broadband source. In
Fig. 8(d), we see that, as is expected, the cw diffraction
pattern is unchanged when using the dispersion correction.
However, in fs mode, a significant improvement occurs,
as seen in Fig. 8(e). The diffraction pattern is as clearly
defined as in the cw case, with no smearing of the spots. With
spatial chirp corrected, the technique works well even in the
SC case, as shown in Figure 8(f). Although not as sharply de-
fined as in the cw and fs modes of operation, the resulting
triangular lattice is clearly discernible and one can easily

Fig. 8. (Color online) False-color diffraction patterns in the near
infrared from a 0.73 mm triangular aperture of charge 3 vortices.
The left column shows the doubly dispersive case for (a) cw,
(b) femtosecond, and (c) supercontinuum modes. The right column
shows the dispersion-corrected case for (d) cw, (e) femtosecond,
and (f) supercontinuum modes.

Fig. 9. (Color online) True-color diffraction patterns in the visible for
a charge 3 supercontinuum vortex from a 0.73 mm triangular aperture:
(a) 523 nm, (b) 580 nm, (c) 620 nm, and (d) full spectrum.
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count the number of spots in the lattice to determine the
vortex charge.

When using the color CCD camera and the variable
bandpass filter, we see a similar triangular lattice generated
by the SC vortex in the visible spectrum, as shown in
Figs. 9(a)–9(c). The last panel, Fig. 9(d), shows the full SC
spectrum, obtained by removing the filter entirely. In each
case, the topological charge is easily ascertained from the
diffraction pattern. This triangular aperture technique is a
simple and quick tool to spectrally resolve the topological
structure of SC vortices. These images show that the topo-
logical charge of the SC vortex is uniform across its spec-
trum in that all images are consistent with a charge three
vortex.

It is interesting to note that both the technique presented
here and the method of Denisenko et al. [20] make use of the
intensity profile in the far field to determine the topological
charge of polychromatic vortices. Here, a triangular aperture
is used to generate a pattern of spots, while in the previous
work a cylindrical lens is used to generate a pattern of dark
stripes. In the work presented here, a second pass off of the
SLM is used to compensate for smearing due to spatial
chirp, while Denisenko et al. use a variable filter to image
narrow spectral regions individually [20]. Clearly, both tech-
niques are useful to measure topological charge, and it cer-
tainly would not be surprising if other lens or aperture
geometries would yield similar results.

7. CONCLUSION
We have presented results on generating ultra-broadband
vortex beams, and correcting the spatial dispersion problems
that plague vortex beams made with a single forked grating.
This approach relies on the use of a single SLM segmented
into two parts, with each part being independently program-
mable. The use of a single SLM greatly alleviates the complex-
ity of two grating setups, is more economical, and improves
the overall optical stability of the setup.

We also studied the diffraction of vortex beams on a tri-
angular aperture as a tool for determining the vortices’ topo-
logical charge. We compared the cases of cw and pulsed (fs
and SC) vortices. When an ultrabroadband vortex beam is
generated via a forked grating, the grating introduces spatial
dispersion of the various color components of the vortex that
can significantly smear the diffraction pattern. We found that
while the triangular aperture technique can still be used with
fs pulses, it is useless for SC vortices due to the extreme
spatial dispersion of the broadband source. However, we
showed that if the spatial dispersion is compensated, the
technique works well with cw and pulsed vortex beams, even
in the SC case. Using color filters to spectrally resolve the
diffraction pattern, the topological structure of ultrabroad-
band vortices can be studied with the triangular-aperture
technique across a range of colors. In our particular case,
the topological charge of the SC vortex was uniform across
its whole spectrum, but the technique could be useful in
characterizing vortex beams having more complex topologi-
cal structures.
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