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Superresolution Imaging of Optical Vortices in a Speckle Pattern
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We characterize, experimentally, the intensity minima of a polarized high numerical aperture optical
speckle pattern and the topological charges of the associated optical vortices. The negative of a speckle
pattern is imprinted in a uniform fluorescent sample by photobleaching. The remaining fluorescence is
imaged with superresolution stimulated emission depletion microscopy, which reveals subdiffraction
fluorescence confinement at the center of optical vortices. The intensity statistics of saturated negative
speckle patterns are predicted and measured. The charge of optical vortices is determined by controlling the
handedness of circular polarization, and the creation or annihilation of a vortex pair along propagation

is shown.
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Propagation of coherent waves in random scattering
media is associated with the generation of speckle patterns.
For scalar wave fields; these speckle patterns contain hot
spots but, also, true zeros of the field where the phase
is singular [1]. These phase singularities—or phase
dislocations—exhibit spiral structures with topological
charges +1 and —1 [2]. The associated zeros of intensity
surrounded by light are called optical vortices because of
the circular optical current circulating around their dark
center [3]. The vortex centers draw lines in space which
may loop and knot [2,4] and which can be seen as the wire
frame or the “skeleton” onto which the field is built [5]. The
information about the circulation handedness of the optical
current around these lines lies in the phase of the field.

In any speckle pattern, the density of nodal points is
the same as the density of hot spots [6,7]. However, the
separation distance between phase singularities can be
arbitrarily small, especially when two vortices of opposite
charges approach and annihilate, or nucleate and split apart
[8]. In addition, the three vector components of an optical
field may hang on different nodal skeletons, making the
characterization of zeros complicated. For these two
reasons, former experimental characterizations of phase
singularities in vectorial electromagnetic waves were per-
formed with polarized beams of low numerical aperture
(NA) [7,9], or considering a single vector component of
the field [10-12] in order to remain within the validity
of the scalar approximation.

However, the most promising applications of complex
vector fields involve high NA beams and lie beyond the
scalar approximation. For instance, phase dislocations
are typically used in superresolution microscopy in order
to create saturating intensity patterns with perfect zeros
[13—16]. Specifically, in stimulated emission depletion
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(STED) microscopy [13,17], an optical vortex is commonly
used, in combination with a circular polarization, to cancel
the axial component of the field at the vortex center [18,19].
In high NA optical speckle fields, the joint characterization
of optical vortices and intensity minima remains unex-
plored, notably due to the subdiffraction spatial scales
involved.

In this Letter, we report on the characterization of
intensity minima and optical vortices in polarized high
NA random speckle patterns using superresolution STED
microscopy. To do so, the negative of the speckle pattern is
first recorded by photobleaching a uniformly fluorescent
sample. Saturated bleaching leaves fluorescent spots at
intensity minima, whose size and spacing may decrease
below the diffraction limit, thus, requiring superresolution
microscopy. First, we experimentally validate an analytical
model which quantifies the intensity statistics of the
negative. Then, after characterizing the subdiffraction
confinement of fluorescence at a vortex of a speckle
pattern, we demonstrate that the topological charge of
the optical vortices associated with intensity minima can be
revealed, experimentally, by controlling the polarization of
the random beam. This identification allows visualizing the
creation or annihilation of a vortex pair of opposite charges.
Finally, we quantify, analytically, the amplitude of the axial
component of a circularly polarized random wave field
with Gaussian statistics.

The negative of a speckle pattern was first recorded by
photobleaching a uniformly fluorescent layer of poly-D-
lysine (Sigma-Aldrich) deposited on a coverslip and coval-
ently labeled with the organic dye ATTO 532 (ATTO-TEC)
functionalized with an N-Hydroxysuccinimide (NHS) ester
group. Photobleaching was performed at 403 nm using a
spatial light modulator (SLM) to generate speckle patterns
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of controlled statistics and size. The SLM was conjugated
to the back focal plane of the microscope objective using a
telescope to obtain a bleaching beam with NA; = 0.45. The
bleaching beam was circularly polarized before entering the
objective lens. The phase pattern displayed on the SLM was
generated in order to obtain fully developed speckles with
Gaussian statistics over a 5 ym-wide surface in the sample.
The bleaching light power was 2.0 mW in the sample plane
and bleaching time provided a control over the total
radiation fluence. After photobleaching the sample, super-
resolution imaging was performed on the same system with
a custom built STED microscope [17] by combining beam
paths with dichroic beam splitters [20]. Imaging was
performed through the same 1.4 NA microscope objective
as used for photobleaching. The excitation beam was
obtained by filtering a supercontinuum laser source through
a 480/20 filter and combined with the 15 mW depleting
beam at 620 nm by dichroic beam splitters.

To characterize the negatives of speckle patterns, first,
we study the probability density function (PDF) of the
remaining fluorescence intensity after photobleaching.
Experimentally, these PDFs are measured in STED images.
An illustration of STED fluorescence images obtained after
photobleaching is shown in Figs. 1(a) and 1(b) for average

FIG. 1. Remaining fluorescence after photobleaching the
fluorescent sample with 5 um spots having fluences
(@ F,=1.6ml-um=2 and (b) 8F, = 12.8 mJ - um~2. Scale
bar is 1 um. (c) Intensity PDFs expected from a uniform sample
and a one-photon bleaching model for average saturation param-
eters r = 0.01 (red), r =1 (green), and r = 8 (blue). (d) The
experimental intensity PDFs of negative speckle patterns are
plotted for the region marked by the dashed circle in (a) and
(b) [for fluences (F) = 0 (red), (F) = F, (green), and (F) = 8F,
(blue)].

radiation fluences 1.6 mJ-um=2 and 12.8 mJ-pum™2,
respectively. In these experiments, photobleaching involves
the transition from the fluorescent excited state towards a
long-living dark state. The PDF of fluorescence intensity is
discussed in the light of a one-photon bleaching model
with constant quantum yield. For a fully developed
speckle pattern, the PDF of the excitation intensity /, is
p(I,) = (1/{I))exp[(—I,/(I))] where (I) is the average
speckle intensity. In our case, (I) (%10 kW - cm~2) is more
than 3 orders of magnitude smaller than the absorption
saturation intensity of the dye /, yielding a population in
the excited level proportional to the illumination intensity.
Therefore, the population remaining in the fluorescent state
Ny decreases exponentially with the radiation fluence
F=1,xt: N;xexp(—qF/I), where g is the transition
rate from the excited level to the dark state. The negative of
a speckle pattern is also a fluorescent speckle pattern of
intensity /; (x Ny). In the frame of this model, the PDF
of I, in the sample can be analytically written as

(1/r)-1

1
f
I - ’
p( f) -

where r is the average saturation parameter: r = g#(I)/
I, = (F)/F,, with F;=1;/q the saturation fluence of
the transition and (F) = (I) x ¢ the average fluence. Here,
the fluorescence intensity in the absence of bleaching is
normalized.

An illustration of this distribution is given in Fig. 1(c) for
r € {0.01, 1, 8}. Interestingly, for r = 1, we getp(ly) =1,
the PDF of the luminescent fluorophore concentration in
the sample is then expected to be uniform. Experimentally,
this plateau is observed for an average radiation fluence
1.6 mJ - yum~2 [as shown in Fig. 1(d)] which may then be
identified to the saturation fluence F.

Photobleaching is associated with a decrease of the
typical size of the remaining fluorescent structures with
bleaching time [Figs. 1(a) and 1(b)]. In particular, at optical
vortices of the transverse components of the bleaching
field, bright fluorescent spots remain and may decrease in
size to arbitrarily low dimensions. As shown in the context
of reversible saturable optical fluorescence transitions
(RESOLFT) superresolution imaging, subdiffraction fluo-
rescence confinement scales as [15]

dy
VIt

where d;, is the size of the excitation spot and r, is the
saturation factor of the optical transition to the dark state. In
our case, r, = F/F, where F is the local radiation fluence.
Since d can be much smaller than d, the characterization of
subdiffraction fluorescence confinement by optical vortices
of the speckle pattern requires superresolution microscopy.
Our STED microscope reaches resolutions down to 45 nm

(1)
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FIG. 2. Sequence of a uniformly fluorescent layer gradually
photobleached with a speckle pattern (a)-(e) and evolution of
the FWHM of the remaining fluorescent spot as a function of
bleaching time (f). The FWHM is plotted along the dashed line
in (c). The scale bar corresponds to 200 nm. Each image is
normalized and uses the same color bar. The peak intensity of the
remaining spot in (e) is approximately 30% of the peak intensity
in (a). Bleaching is performed with average radiation fluences
(Fye{F,/2,F,,2F,,4F,8F,}. The continuous line is a fit
using Eq. (1) with fitting parameter F/({F) = 2.1.

[17], below the typical size of the remaining fluorescent
structures we analyze. An illustration of a sequence
of the saturated negative speckle pattern is shown in
Figs. 2(a)-2(e) for average radiation fluences (F) varying
from F,/2 to 8F with a geometric progression, demon-
strating fluorescence confinement. The evolution of the full
width at half maximum (FWHM) d of the remaining
fluorescent spot shown in Figs. 2(a)-2(e), is then plotted
[Fig. 2(f)] as a function of the average radiation fluence (F)
in the speckle pattern. Since the local fluence F is
unknown, its value is fitted using Eq. (1), setting
dy = A/(2NA;) = 450 nm. For an average radiation flu-
ence (F) = 8F,, a spot size of 80 nm FWHM is obtained,
more than a factor of 5 below d,,.

When selectively saturating an optical transition with a
beam of high NA, the axial field cannot be neglected. In
STED microscopy, for example, the depleting toroidal
beam is usually an optical vortex of charge 1 generated
by a helicoidal phase mask [15]. While a circular polari-
zation of the proper handedness cancels the axial field
[18,19], choosing the opposite handedness results in a
nonzero axial component at the focus, which suppresses
fluorescence at the torus center. Speckle patterns naturally
contain vortex phase singularities of charge 41 and —1 [2].
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FIG. 3. Overlay of the STED images of two regions bleached
with a single scattering phase pattern but with two orthogonal cir-
cular polarizations (a) (radiation fluence is 8F,=12.8mJ-ym™2).
Circular polarization allows identifying the charge of phase
vortices. Two phase vortices of opposite charge are identified
(b). Axial displacement of the bleaching pattern by steps of 1 ym
reveals the annihilation of this pair of optical vortices with
propagation (c). The handedness of phase vortices is identified
by the handedness of circular polarization. Scale bars: (a) 1 pm,
(b) 200 nm.

Therefore, a speckle pattern generated by a beam passing
through a random phase mask and focused with a right-
handed circular polarization will have a minimized axial
field at right-handed optical vortices and a maximized
axial field at its left-handed ones. We demonstrate this
phenomenon experimentally in Fig. 3(a) where the overlay
of the two STED images reveals that, for the two polar-
izations, dark spots of the speckle appear at different
locations. This result demonstrates that the handedness
of polarization plays an essential role on speckle intensity,
mainly on the contribution of the axial field. The remaining
fluorescent points may, thus, be interpreted as the locations
of right- and left-handed vortex phase singularities of the
transverse field. In Fig. 3(b), two phase vortices of opposite
charges are shown and illustrated with a simulated com-
patible phase pattern.

Moreover, vortex phase dislocations may annihilate and
create in pairs by conserving the total charge [8]. Tracking
these phase dislocations along the propagation axis is also
possible by recording them at several axial positions with
respect to the bleaching beam. STED imaging is then
performed placing the sample back in the focal plane.
Along the propagation axis, two optical vortices of opposite
charges are observed to annihilate: their trajectories are
shown in Fig. 3(c) where the two vortices were imaged in
six planes with a micron step from z = —1 to z = +4 ym.
Before annihilation, we measured that the separation
distance between the two vortices at z = +2 ym is as
close as 140 nm, more than a factor of 3 below d, and, thus,
well below the diffraction limit.
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The former experimental results demonstrate the pos-
sibility to selectively minimize or maximize the axial field
at optical vortices of the speckle pattern. Therefore, we now
aim at characterizing, quantitatively, the magnitude of the
axial component of the field at zeros of its transverse
components depending on the charge of the singularity.
In principle, circular polarization may ensure perfect
cancellation of the axial field at the center of an optical
vortex if the phase increases uniformly along the azimuthal
coordinate. However, optical vortices appearing in fully
developed speckles exhibit an elliptical phase modulation
along the azimuthal coordinate [2]. In the case of a fully
developed speckle pattern exhibiting Gaussian statistics,
the axial field at optical vortices can be calculated analyti-
cally [21]. For a right-handed circular polarization of the
beam, the calculation yields the PDFs p; (I.) and pg(I.)
of I, at the center of left-handed and right-handed optical
vortices of the transverse field, respectively,

K2 kI,
ot = gyemn (=157). @)

o = (<55 [1-e0 (-55)] @

where b depends on the power spectrum of the speckle field
and is proportional to the average intensity (/) [21].
Curves corresponding to Egs (2) and (3) are shown in
Fig. 4 for a 0.45 NA optical field with right-handed
polarization in an n = 1.51 immersion medium (in agree-
ment with the experimental configuration where NA,; =
0.45). The average values of 7, at +1 and —1 vortices
are, then, (I;) = 3(I7) = 3(NA/n)*(I), ina 1 to 3 ratio.
However, comparing average values is not relevant when
discussing a saturated process: the relevant values to
compare here are p;(0) and pg(0). For subdiffraction
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FIG. 4. Probability density functions p; and py of the intensity
of the axial component of the field at left- and right-handed vortex
phase singularity locations of the transverse components for a
right-handed circularly polarized random wave with Gaussian
statistics. The refractive index of the medium is n = 1.51 and
numerical aperture NA; = 0.45 in agreement with experimental
conditions.

fluorescence confinement with saturation parameter r,
fluorescence will be preserved if I, is typically smaller
than (I)/r. Therefore, bright spots associated with
right-handed optical vortices dominate under saturated
conditions.

Interestingly, increasing the NA of the speckle pattern
increases the spatial density of phase singularities as
(NA,/n)?, like the magnitude of the intensity at phase
vortices, according to the former calculations.
Consequently, for a given average fluence (F), the spatial
density of remaining fluorescent spots after saturated
photobleaching is expected to be invariant under changes
of (NAy/n).

In conclusion, we characterized the statistics of negatives
of fully developed speckle patterns. We demonstrated
subdiffraction confinement of fluorescence at the minima
of a 0.45 NA speckle beam, validating the same law as
established for RESOLFT microscopy [15]. We showed
that it is possible to selectively maintain fluorescence
ability at positively—or negatively—charged vortex phase
singularities of the transverse components of the field by
controlling the handedness of circular polarization. Thus, it
was possible to identify the charge of optical vortices. An
annihilation between two vortices of opposite charges was
shown along propagation. Finally, we estimated, analyti-
cally, the amplitude of intensity minima of a polarized
speckle pattern. We point out that arguments developed in
this Letter rely on a first order approximation in (NA/n),
which predicts a change of the axial field with the handed-
ness of circular polarization proportional to (NA/n).
Conversely, the power expansion of the transverse compo-
nents does not contain a first order term and can be
considered as a polarization invariant at the first order.

Finally, subdiffraction confinement of fluorescence dem-
onstrates the ability of high numerical speckle fields to
behave like multidonut structures like those used in paral-
lelized RESOLFT microscopes [16,23]. In analogy with
speckle imaging modalities allowing imaging behind
opaque media [24], the saturation of an optical transition
with speckle structures should, thus, allow parallelized
superresolution speckle imaging. In this case, a reversible
transition would be required as in other RESOLFT micros-
copy techniques. Namely, speckle illumination could be used
to saturate fluorescence excitation [14], stimulated emission
[13], or any reversible photoswitching mechanism [25].
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