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Spin to orbital angular momentum (OAM) conversion using
a device known as a q-plate has gained recent attention as a
convenient means of creating OAM beams. We show that the
dispersive properties of a q � 1∕2 plate, specifically its
group index difference Δng for ordinary and extraordinary
polarization light, can be tuned for achieving single-aperture,
alignment-tolerant stimulated emission depletion (STED)
nanoscopy with versatile control over the color combinations
as well as laser bandwidths. Point spread function measure-
ments reveal the ability to achieve single-aperture STED
illumination systems with high throughput (transmission
>89%) and purity (donut beam extinction ratios as high
as j − 18.75j dB, i.e., ∼1% residual light in the dark center
of the donut beam) for a variety of color combinations cover-
ing the entire visible spectrum, hence addressing several of the
fluorescent dyes of interest in STED microscopy. In addition,
we demonstrate dual-color STED illumination that would
enable multiplexed imaging modalities as well as schemes that
could use wide bandwidths up to 19 nm (and hence ultrashort
pulses down to ∼50 fs). Switching between any of these color
settings only involves changing the bias of the q-plate that
does not alter the alignment of the system, hence potentially
facilitating alignment-free, spectrally diverse multiplexed
nanoscale imaging. © 2015 Optical Society of America
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Stimulated emission depletion (STED) microscopy is one of the
most successful far-field imaging techniques to date, allowing ac-
cess to resolution beyond the diffraction limit [1,2]. It uses a
Gaussian-like beam to excite the fluorophore and a red-shifted,
spatially overlapped donut-shaped beam to deplete the fluores-
cence everywhere except at the dark center of the depletion beam.
The resolution is critically influenced by the quality of the

intensity null at the center of the donut beam, often called the
STED beam, at focus, since any residual light or misalignment
of the dark central region directly mitigates the depletion effect that
yields nanoscale resolution. To achieve a high-quality donut beam,
it is well known that vortex modes with orbital angular momentum
(OAM) or, equivalently, helical phase are required, and it is critical
that the handedness for both the helical phase and circular polari-
zation be the same [3]. Such beams are also called spin-orbit aligned
OAM beams [4].

STED microscopy, while a very attractive technique for real-
izing super-resolution, suffers from practical drawbacks: the
STED beam needs to be a pure spin-orbit aligned OAM beam
and the Gaussian excitation and STED beam need to be spatially
coaligned with very high precision. Hence, the performance of
STED systems is susceptible to thermal variations and vibrations,
currently limiting their deployment in clinical environments.
Solutions for addressing these alignment concerns include: (a)
vortex fibers whose eigenmodes stably deliver STED as well as
Gaussian beams of different colors from a single fiber aperture
[5,6] and (b) dual-wedge spiral phase plates [7] or segmented
waveplates [8] with engineered dispersion to enable specific color
combinations. However, the free-space solutions, while address-
ing the alignment problem, come with inherent bandwidth lim-
itations [9]. The excitation beam becomes highly non-Gaussian
barely 50 nm away from the design wavelength, and STED beam
bandwidths greater than a few nm remain infeasible.

In this Letter, we show that the q-plate, in contrast, is a free-
space device that can address the alignment tolerances of STED
while also enabling broadband or multicolor operation. Q-plates
[10,11] are liquid crystal (LC)-based devices that have uniform
birefringence-induced phase retardationΔδ but an inhomogeneous
orientation of the fast axis of LC cells such that control of the input
polarization of a conventional Gaussian beam can yield a variety of
OAM eigenmodes of free-space or a fiber [12]. The conversion
efficiency is determined by Δδ, which is determined by the disper-
sive properties of the LCs. Typically, Δδ can be tuned by temper-
ature, electric field [13], or pressure, and is wavelength dependent;
this large dispersion space may be beneficially exploited for building
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STED microscopes whose illumination characteristics are simply
controlled by a bias voltage and input polarization.

The measured point spread function (PSF) results of the sin-
gle-aperture STED system we built using a q � 1∕2 plate reveal
that STED beam bandwidths as high as 19 nm, corresponding to
ultrashort pulses as short as 50 fs, are achievable. Moreover, the
AC bias voltage-based control of Δδ as well as its chromatic
dispersion (specifically the group refractive index difference, Δng ,
between ordinary and extraordinary light passing through the LC
waveplate) enables realization of STED-Gaussian beam pairs (and
even multicolor combinations) ranging from 480 to 775 nm
without having to physically realign the system.

The Jones matrix describing the local behavior of a q-plate
with a general phase retardation Δδ for a rotation matrix R�α�,
where α � α�r;φ� � qφ� α0, and q and α0 are constants that
describe the distribution of the LC cells’ fast axes, is given by [10]

M �φ� � R�α�
�
1 0
0 eiΔδ

�
R�−α�; (1)

where φ is the azimuthal polar coordinate in the q-plate plane. For
a circularly polarized input σ̂� (+ and − representing left- and
right-handed circular polarization, respectively) the normalized
output field can be derived as

Eout � M • σ̂� � 1

2
��1� eiΔδ�σ̂� � �1 − eiΔδ�σ̂�e�i�2qφ�2α0�	

(2)
(see Fig. S1, Supplement 1, Section 1 for output fields for all in-
put polarizations).

Thus, the output field is a superposition of a Gaussian beam
(first term in square brackets) of the same polarization as the input
and an OAM beam of the opposite polarization, with topological
charge 2q of the OAM beam determined by input polarization.
The weight of the Gaussian beam is then given by

I Gau ∝
1

2
j1� eiΔδj2 � cos2

Δδ
2

: (3)

Similarly, the weight of the OAM beam (that after being con-
verted into a spin-orbit aligned state can be used as STED beam)
produced at the output also oscillates with Δδ, in a manner com-
plementary to the weight of the Gaussian. Note that Δδ is a func-
tion of the difference in the extraordinary and ordinary refractive
indices ne and no, corresponding to linear polarization states x̂ and
ŷ, respectively. Thus, it is a function of both bias applied on the
LC and wavelength. Specifically, we could write the wavelength
dependence of Δδ as a Taylor series about some central frequency
ω0 [14] (see also Supplement 1, Section 2):

Δδ�V ;ω��Δk •d �d •
�
1

c
Δng �V ;ω0�•Δω

� 1

2!
Δk 0 0 •Δω2…O�Δωn�

�
; (4)

where c is the speed of light in free space,Δk � �ne − no� • ω∕c, d
is the thickness of the q-plate, Δω � ω − ω0, Δng is the group
index difference between x̂ and ŷ (the first Taylor order, since
Δk 0 � Δng∕c), Δk 0 0 is the difference of the second-order deriva-
tive of the wavenumbers (i.e., difference in group-velocity
dispersion between the two polarization axes; see [14] for more
details), and O�Δωn� represents higher-order corrections.

Figure 1 shows camera images of collimated Gaussian beams
of two different colors passing through a q � 1∕2 plate at
multiple bias settings. Clearly, the appearance of a Gaussian or
OAM beam appears to have an oscillatory dependence on bias

or wavelength, as suggested by Eqs. (2)–(4). To quantify the ex-
tent to which the beam is Gaussian-like or carries OAM we start
by noting that, at the beam center, only a Gaussian beam can
contribute to a nonzero intensity value. Hence, we define an ex-
tinction ratio (ER; zero for an OAM and unity for a Gaussian
mode) by measuring the ratio of the intensity at the beam center
(see Supplement 1, Section 3, Fig. S2) with and without the q-
plate in the beam path. This extinction ratio is recorded as we
change the wavelength of the input beam from a laser with
full-width half-maximum bandwidth of 3 nm (Solea, PicoQuant);
Fig. 2 shows one such curve for 1.18 V bias.

We see that (1) for a certain bias, the output is Gaussian at one
wavelength (e.g., 532 nm, see the green mode image) and OAM
at another (e.g., 647 nm, see the red mode image); (2) the oscil-
lation frequency (Δωp, where 2π ∗ Δωp∕2 is depicted in Fig. 2;
see Supplement 1, Section 2 for more information) appears un-
changed over this wavelength range (480–700 nm). This implies
that the difference between the two orthogonal polarization axes
in group velocity dispersion and any other higher-order dispersive
terms d • Δk 0 0, d • O�Δωn� is negligible, consistent with the ex-
pectation that group-velocity dispersion differences between two
polarization axes would be small in a thin birefringent waveplate.

Fig. 1. Free-space images of two beams of different wavelengths pass-
ing through a q � 1∕2 plate at different voltage biases.

Fig. 2. Extinction ratio as a function of wavelength, with bias of
1.180 V. OAM (red) and Gaussian (green) mode images are also shown.
The green dashed vertical lines mark out the wavelength range over
which a Gaussian beam PSF can be obtained. Inset: extinction ratio
of the donut PSF as a function of wavelength. Red arrows indicate
the −13 dB bandwidth (BW).
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Therefore, it is safe to rewrite Eq. (4) as Δδ≅d∕c•Δng�V ;ω0�•
Δω, and hence the extinction ratio is oscillatory with frequency,
with period Δωp such that Δδ�V ;Δωp� � π.

Combining the just-discussed equation and Eq. (3), and by
fitting the data (measured at several biases) to cos2�aω� (solid line
in Fig. 2), where ω∕2π is the optical frequency and a is a fitting
parameter, we can calculate Δng for the LC waveplate. For differ-
ent biases, OAM beams with 98.4% purity (−18 dB extinction
ratio) may be obtained across the visible spectral range (the mode
purity, and hence absolute value of the extinction ratio, may well
be higher; the dynamic range of our camera limits measurements
to ∼18 dB). Figure 3(a) plots the wavelengths at which full OAM
mode conversion (extinction ratio → 0 in linear units, −∞ in dB)
occurs versus q-plate bias voltage. Note that for certain wave-
lengths, “pure”OAMmodes may be created at multiple bias volt-
ages, reinforcing the oscillatory behavior predicted by Eq. (3).
The spectral period at which OAM modes are created, as a func-
tion of bias voltage, is shown in Fig. 3(b) and reveal the depend-
ence of the group-index birefringence on applied bias voltage.

Figures 3(a) and 3(b) suggest the methodology by which one
may find the pairs of wavelength at which, for a given input beam
and q-plate bias, one could obtain a STED (OAM) and Gaussian
beam simultaneously. The bias is tuned to the wavelength at
which a “pure” STED beam results, as deduced from Fig. 3(a),
and it is expected that at a spectral position that is half the os-
cillation period for this bias [as determined from Fig. 3(b)],
one would obtain a Gaussian beam. This yields a single-aperture
STED illumination setup that is tunable across the visible spectral
range, though with restrictions on the wavelength separation
between the STED and Gaussian beams. As we will show later,
the system is, in fact, significantly more adjustable/tunable be-
cause while Fig. 3 traces the spectral positions at which highly
pure STED or Gaussian beams are obtained, there is a finite
bandwidth over which the beams remain useful for STED.

To obtain a realistic measure of this performance, we use a
home-built confocal laser scanning microscopy setup to character-
ize the PSF of the beams created by these devices (Fig. 4 shows
setup schematic; see Supplement 1, Section 3 for details).

Figure 5(a) shows the results from the implementation of
single-aperture STED illumination with a Gaussian excitation at
λ � 532 nm and STED at λ � 647 nm. Two-dimensional PSFs
in the lateral and axial directions are shown in Fig. 5(a), and
free-space mode images obtained from the q-plate are shown
in Fig. 5(b) (all with false colors corresponding to the respective
wavelengths of illumination). We obtained a donut PSF extinc-
tion ratio of −18.75 dB [Fig. 5(c), plotted in linear scale for visual
clarity; corresponding log scale plot shown in Fig. S4]. This

significantly exceeds the −13 dB requirement (5% of intensity
in the dark center compared to the peak of the STED beam) often
quoted as desirable for STED microscopy [15].

Next, we study the bandwidth of our single-aperture system.
We fix the q-plate bias to have the largest vortex extinction ratio at
647 nm and record PSFs while sweeping the central wavelength
from 600 to 690 nm. The extinction ratio for the STED beam as
a function of center wavelength, shown in the inset of Fig. 2,
remains below the −13 dB metric across 19 nm (637–656 nm).
This is consistent with our observation, in parallel, that at the
center wavelength of 647 nm, the extinction ratio remains smaller
than −13 dB for all bandwidth settings (3–15 nm) available from
the laser (Solea, PicoQuant) we tested.

Intuitively, from Fig. 2, we expect that the bandwidth where we
could obtain a Gaussian PSF (at the complementary wavelengths
around 532 nm) would be similar. However, measurements of the
PSF at around 532 nm reveal that the overlap integral of the line-
cut profile of the PSF with that of a pure Gaussian beam PSF (i.e., a
Jinc function), degrades by less than 1% as long as the free-space
extinction ratio remains larger than −3 dB (see Supplement 1,
Section 3, Fig. S3 for details of this calculation). Thus, our experi-
ments reveal a Gaussian PSF bandwidth of ∼60 nm, considerably
larger than that for the STED beam. This points to the feasibility
of dual or multicolor STED (where a variety of Gaussian excitation
beams may be deployed for multiplexed imaging).

Figures 5(d)–5(g) show corresponding PSFs, free-space im-
ages, and PSF extinction plots for an exemplary demonstration
of dual-color STED. The q-plate bias is set at 1.28 V, STED
λ � 592 nm, but two Gaussian excitation beams at λ � 488 and
514 nm are simultaneously deployed. The measured donut PSF
vortex extinction ratio was −14.11 dB which, though better than
that required for STED microscopy [15], is nevertheless degraded
compared to the single-color experiment of Figs. 5(a)–5(c).
However, we believe this is due not to the dual-color aspect of
the experiment but rather to our measurement limitations. The
150 nm gold beads used for our PSF measurements are similar in
size to that of the dark center (theoretically calculated to be
119 nm) for the STED beam at λ � 592 nm; hence, using
smaller gold beads would have yielded deeper PSF extinction ra-
tios, especially since we did not see any apparent degradation in
the mode purity of the free-space STED beams obtained from the
q-plate across the entire wavelength range we tested.

All colors came out of a single-aperture (fiber and q-plate), as
shown in Fig. 4, reinforcing the alignment simplicity of this setup.

Fig. 3. (a) OAM full-conversion wavelength (and frequency) as a
function of the q-plate bias; (b) full-conversion period in frequency as
a function of the q-plate bias.

Fig. 4. Experimental setup. Pol-Con: fiber polarization controller;
RC: reflective collimator; FG: function generator; CAM: CMOS camera;
BS: beam splitter; L: lens; MMF: multimode fiber; APD: avalanche pho-
todiode; HW: λ∕2 plate. See Supplement 1, Section 3 for additional
experimental details.
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Moreover, no physical realignment was needed when switching
across all these wavelength combinations, spanning RGB of
the visible spectrum. We repeated these PSF measurements for
a range of color combinations that address commonly used fluo-
rescent dyes and the results (see Supplement 1, Fig. S4), along
with the dye for which each experiment may be suitable, are illus-
trated in Table 1 (“n/a” signifies laser wavelengths not available
for testing). Finally, the measured loss of the q-plate was less than
0.5 dB (transmission >89%; see Supplement 1, Fig. S5) across
the entire wavelength range, underscoring the utility of these de-
vices for applications with powerful STED beams.

In summary, a single-aperture STED illumination system us-
ing a high-throughput (transmission >89%) q-plate and a single-
mode fiber is demonstrated. The q-plate acts as an OAM mode
converter, spatially modifying the laser beams of different colors
in a wavelength-dependent fashion. This arises from the depend-
ence of the group index difference of the q-plate on the bias volt-
age and wavelength, and thus allows easy tuning of the depletion
wavelength without changing the optical alignment of the system.
The operation bandwidth for practical STED implementation
is measured to be 19 nm, considerably larger than that of other
single-aperture techniques. The even larger bandwidth for
Gaussian PSFs enables dual-color or even multicolor implemen-
tation over a variety of wavelength ranges. Even more dramatic
improvements in Gaussian PSF bandwidth may be obtained by
including polarization optics after the q-plate, because the funda-
mental action of the device yields Gaussian and OAM (STED)
beams of orthogonal polarizations. Based on our single-aperture

results, we believe that q-plates will find important applications in
CW, pulsed, or time-gated STED nanoscopy since they address
the alignment-intensive nature of these systems while also provid-
ing for an alignment-free, color-tunable system enabling multi-
color STED microscopy.
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Fig. 5. PSFs for (a) 532 nm Gaussian and 647 nm STED beams with bias � 1.180 V; (d) and (g) 488 nm and 514 nm Gaussian and 592 nm STED
beams with bias � 1.280 V, in lateral and axial planes. The corresponding free-space mode images are shown in (b) and (e), and the central line cut
profiles of lateral PSFs are shown in (c) and (f ), respectively. Scale bar: 200 nm.

Table 1. STED Wavelength Combinations and Dyes [16]

Bias
(V)

λSTED∕λexc
(nm)

Donut jERj
(dB)

Donut
Size (nm)

Corresponding
Dyes

0 532/440 n/a n/a ATTO 425

1.289
458

14.11 119
Abberior 440SX

592/488 Alexa Fluor 488
514 Oregon Green 488

1.180 647/532 18.75 166 ATTO 565
1.085 690/570 17.17 171 ATTO 590
1.986 750/532 16.69 175 Abberior 470SXP
0 775/594 17.18 180 ATTO 594
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