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ABSTRACT

Super-resolution imaging refers to imaging techniques that surpass the Rayleigh resolution limit. One standard way to achieve super-
resolution is by structuring the phase of the field illuminating the object. Although super-resolution techniques are already employed in
commercial imaging devices, intense research efforts continue to enhance the resolution even further. In this work, we show that if the field
illuminating the object is structured in the azimuthal coordinate—such as a field carrying orbital angular momentum (OAM)—the azi-
muthal features of the object can be imaged with enhanced imaging resolution. We experimentally demonstrate it with two objects, namely,
an azimuthal double-slit and a Siemens star. We find that for a given azimuthal feature, there is an optimum OAM mode index of the illu-
mination that gives the best imaging resolution. Super-resolution imaging of azimuthal features can have important implications, especially

for some biological objects that are known to have predominantly azimuthal features.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0319922

The maximum imaging resolution that an imaging system can
achieve is known as the Rayleigh resolution’ criterion. Enhancing res-
olution beyond the Rayleigh resolution limit is referred to as super-
resolution,™ and it has been a very active area of research in the last
few decades with the invention of techniques such as stimulated emis-
sion depletion microscopy (STED),"” structured illumination micros-
copy (SIM),”” spatial-mode demultiplexing (SPADE),”” and Fourier
ptychography (FT)."” Among these techniques, STED** and SIM*’
use spatially coherent illumination but collect incoherent fluores-
cence. SPADE"” uses incoherent illumination but collects spatially
coherent light modes, while in FT'” the illumination and collection
involve coherent light.

Another very active area of research in recent decades has been
light fields carrying orbital angular momentum (OAM).'""* Such
fields have emerged as powerful tools in areas such as long-distance
communica'[ion,m’l‘3 increased error tolerance in quantum communi-
cation,'™"” gate implementation,'®'” propagation through turbu-
lence,” quantum metrology,”’ angular momentum transfer,”
rotational Doppler effect,”””" and fundamental tests of quantum
mechanics.” " Light fields carrying OAM have also been used for
edge imaging”**” and for fluorescence imaging such as STED micros-
copy.”” Furthermore, it has been shown that when light coming from

two spatially separated point sources is made to go through an OAM
imparting forked hologram, one can resolve the two sources at an
angular separation one order of magnitude below the Rayleigh
criterion.”’

However, the use of OAM modes for direct super-resolution
imaging has been very limited, and most of the works have been
related to theoretical modeling and numerical simulations.”’** These
works hint at the super-resolution-imaging potential of fields carrying
OAM modes but do not point out the unique and optimum use of
such fields for enhancing the imaging resolution. Furthermore, there
has been no experimental demonstration in direct imaging of super-
resolution with illumination carrying OAM. In this work, we report
experimental demonstrations of super-resolution imaging with illu-
mination carrying OAM. We find that the unique benefit of illumina-
tion carrying OAM is in super-resolving the azimuthal features of an
object and that if the object has predominantly non-azimuthal fea-
tures, the OAM modes are not the optimum illumination for achiev-
ing super-resolution. We also derive the mathematical relation for the
optimal OAM mode for a given azimuthal feature.

Figure 1 shows imaging configurations with various objects
and illuminations. We use these to illustrate how structuring the
wavefront of the illumination affects imaging resolution. In every
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Spatial Super-Resolution \

Angular Super-Resolution \

FIG. 1. lllustrating how structuring the wavefront of the illumination in a particular coordinate helps super-resolve the object features in that coordinate. The object present in
(a), (b), and (e) is in the form of a transverse double-slit, with two slits in both x- and y-directions. The slit width and slit separation of the object are 0.0625 and 0.125 mm,
respectively. The object present in (c), (d), and (f) is an azimuthal double-slit, with the angular slit width being 0.027 and the angular slit separation being 0.17. The
focal length of the lens is 400 mm. For each figure, we have explicitly shown the transmission function of the object at z = 0 and the corresponding image-plane intensity at

z = 4f calculated numerically using Eq. (1).

configuration of Fig. 1, the object is placed at z = 0, the imaging lens
at z = 2f, and the image plane is located at z = 4f, where fis the focal
length of the lens. The electric field at z= 0 plane is given by
E(X',y";z2=0) = Eu(x",y";2=0)T(x",y"), where Ey(x",y";
z = 0) is the illumination field and T(x”, ") is the object transmis-
sion function. This field undergoes Fresnel propagation from z = 0
plane to the lens plane (z = 2f), where it acquires the quadratic phase
due to the lens and then further propagates to the image plane.
Therefore, the electric field at z = 4f becomes (see supplementary
material Secs. I A and 5.3 of Ref. 35)

E(x,y;z = 4f)
— ) JJEin(x//’y/I7 2=0)
x T(x, y”)e%(’a e /z)e_kézf_dzz(”’d’)ze_k‘ff_gz(yﬂ/ ’)zdx”d)/ "

where d is the radius of the lens aperture. The image-plane intensity
I(x,y,z = 4f) = |E(x,y,z = 4f)|” then becomes

I(x7y7 zZ= 4f)
a2y
=e “Ein(x"J’",Z =0)T(x",y")
) ka? / /! :
X exp _w (1 - i_P> xp _w dx"dy"}
202 2f %
(1)

where o, = i—f; The objects present in the left column of figures in
Fig. 1 are in the form of a transverse double-slit, with a double-slit in
both x- and y-directions. The object present in the right column of
figures is an azimuthal double-slit. For the transverse-double-slit
object, we take the slit width and slit separation to be 0.0625 and
0.125 mm, respectively. For the azimuthal-double-slit object, we take
the angular width to be 0.027 and the angular slit separation to be
0.17. For each figure in Fig. 1, we have explicitly shown the transmis-
sion function of the object at the z = 0 plane and the corresponding
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image-plane intensity calculated numerically using Eq. (1) at the
z = 4f plane. For all the numerical calculations, we have taken
d = 2.5mm, f =400 mm, and A = 633 nm. We note that the values
of the various object and illumination parameters have been chosen
such that the object features cannot be resolved under the plane wave
illumination—this is to highlight the effect of structured illumination
on enhancing image resolution that we next demonstrate. We show
that structuring the illumination in a particular coordinate leads to
super-resolution of the object features in that coordinate.

Figures 1(a) and 1(b) depict imaging of a transverse double-slit
object when the illumination is by a plane wave (k, = k, = 0) and a
plane wave tilted in x-direction (k, # 0;k, = 0), respectively. We
find that the plane wave illumination is not able to resolve the object.
However, the tilted plane wave is able to super-resolve the two slits in
the x-direction but not in the y-direction. This is because the phase of
the titled plane wave changes as k,.x, which structures the phase in the
x-direction but not in the y-direction, leading to super-resolution
only in the x-direction. It can be shown that one obtains optimum
super-resolution when the phase of the illuminating field at the two
slit locations differs by 7" (see supplementary material Sec. TE
for more detailed explanation). This result can be extended to derive a
relation between the slit separation s and the optimum k, for
super-resolution. The relationship is given by k.s = (2n + 1)1 (see
supplementary material Sec. IB for more details). For example, the
Hermite-Gaussian (HG; ;) mode can provide a natural and effective
approach for achieving super-resolution of a spatial double-slit object,
as it has a 7 phase jump around the center. Figure 1(c) depicts imag-
ing of the azimuthal-double-slit object illuminated by a field carrying
no OAM (I = 0), while in Fig. 1(d) the illuminating field carries finite
OAM (I # 0). We find that while the / = 0 illumination is not able to
resolve the object, the illumination carrying non-zero OAM leads to
super-resolution. Again, this is because the phase of an OAM carrier
is structured as [0, and it, therefore, leads to super-resolution of azi-
muthal features.

Figure 1(e) depicts imaging of the transverse-double-slit object
illuminated with a field carrying OAM. Although the resolution in
this case is better than that with the plane wave, it is worse compared
to resolution with the tilted plane wave depicted in Fig. 1(c).
Similarly, Fig. 1(f) depicts imaging of the azimuthal-double-slit object
illuminated with the tilted plane wave. Again, in this case, although
the resolution is better than that with a beam carrying no OAM, it is
worse compared to the resolution with an OAM carrying field, as
depicted in Fig. 1(d). Thus, for direct imaging, structuring the illumi-
nation does not lead to super-resolution of every object feature. For
the optimum super-resolution imaging of a given object feature, the
illumination needs to be structured accordingly. This fact could be
utilized in proposals’’ ** in which OAM carrying illumination is
employed for super-resolution of every object features. If the light is
structured in the x-direction, it can lead to optimal resolution
enhancement only in the x-direction. Similarly, for optimal super-
resolution of the azimuthal features, the illumination needs to be
structured in the azimuthal direction.

So far, through the numerical simulations of Eq. (1), we have
shown that the fields carrying OAM lead to super-resolution of azi-
muthal features. In what follows, we derive a relation for the optimum
modes Iy that best resolves an azimuthal feature, namely, the angular
separation in an azimuthal double-slit. To this end, we express the

pubs.aip.org/aip/apl

image-plane intensity of Eq. (1) in the polar coordinates by using
the transformation:  (x,y) = (rcos@,rsinf) and (x",y")
= (r"cos0",7"sin0"). We take Ei,(x",y",z=0)— En(r",0",
z=10) = exp[— %} e™" where w is the beam waist of the field and [ is
the OAM mode index. The object is taken to have only the azimuthal

feature, that is, T(r”,0") = T(0"). Equation (1) thus becomes

iy ar"
JJ T(0")e"" exp {— 20127]

% ' NPV ET
exp —?COS(O—O )| r"dr" do
p

I(r,0,z =4f) = Ae(_%>

2

)]

wherea =1+ % —1i % Next, we consider an azimuthal-double-slit
object of infinitesimally narrow slit width and angular separation of
20y such that the transmission function is given by T(0")
= 6(0" = 04) + (0" + 0y). For this object, the image-plane intensity
I(r, 0,z = 4f) can be expressed as

_2
I(r,0,z=4f)=Ae

JJ[&(G” —00)+8(0"+0)]

/2 ) 2
xe exp I > | exp —r—zrcos(()— 0"y | 7" dr"do"
20, o}
=|f(r,0—00)e™ +£(r,0+00)e ™ ?, 3)

where

2 12 i
— T2 arl rl r Z I
f(r,0) = Ae % J exp {— 20_12)] exp [—G—;cos 6] . ()

Now, at 0 = 0, that is, at the mid-point between the two slits, the
intensity I(r, 0, z = 4f) is given by

1(r,0 = 0,2 = 4f) = [f(r,~00) " + |f(r, o) "
+ 2f (r,—=00)f (r, 0o) cos 210,. (5)
Here, we have assumed the function f(r, 0) to be real. Now, taking
f(r,—00) = f(r,00) = fo, we obtain
I(r,0 = 0,z = 4f) = 2|fy|*(1 + cos 210;). (6)

For the maximum image contrast, we have to have I(r,0 =0,
z = 4f) = 0. This condition is satisfied when cos 210, = —1, which
gives the optimum OAM mode index [y, at which the contrast is
maximum

2n+1)n
lopt = 20, 7)
where n =10, *£1, £2,... (see supplementary material Sec. IC for

more details of the above calculations). The observed resolution
enhancement originates from the relative phase difference between
the fields incident on adjacent slits, which governs the interference in
the intermediate region. This contribution is captured by the third
term in Eq. (5). As the phase difference increases from 0 to 7, the res-
olution progressively improves, reaching maximum contrast at 7,
where complete destructive interference yields 100% visibility. In this
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framework, the relative phase is given by A¢ = 210, (see supplemen-
tary material Sec. IE for detailed explanation). The smallest OAM
mode index at which the contrast becomes maximum is given by 7.

We note that when the illuminating field is a plane wave (I =0),
instead of an OAM carrying field, we obtain I(r,0 =0, z = 4f)

= 4[f0|2. The contrast and, hence, resolution in this case is much
worse—this has been illustrated through Figs. 1(c) and 1(d). We fur-
ther note that if the illumination is azimuthally incoherent, instead of
being coherent, the cosine term in Eq. (6) becomes zero giving
I(r,0 = 0,z = 4f) = 2[fy|>. The resolution with incoherent light
defines the Rayleigh resolution limit. Thus, we see that the imaging
contrast with a plane wave is worse than the Rayleigh resolution limit
while with an OAM carrying field it surpasses the Rayleigh limit (see
supplementary material Sec. ID for details).

Figure 2(a) shows the experimental setup. A helium-neon
(He-Ne) laser at 633 nm is used as a light source. The laser is spatially
filtered in order to generate a high-quality Gaussian beam which is
then made to fall onto the spatial light modulator (SLM) to generate
fields with different OAM mode index by displaying the correspond-
ing holograms on the SLM."’ Here, a half-wave plate is used to rotate
the incident polarization to match the operating polarization of the
SLM,"" ensuring efficient phase modulation. The SLM is kept at
z = 0, the lens at z = 2f and the CCD camera at z = 4f. In addition
to generate the illumination, the SLM also holds the objects. The
objects are displayed on the SLM and then imaged onto the multi-
pixel CCD camera using a lens of focal length f = 400 mm in a 1:1
conjugate. The aperture size of the lens is kept at d = 2.5 mm to keep
the numerical aperture of the imaging system such that the plane
wave illumination is not able to resolve the objects. We use two sepa-
rate objects with only azimuthal features. The first one is an azimuthal
double-slit as shown in Fig. 2(b) and the other one is the Siemens star
as shown in Fig. 2(c). For both the objects, the angular slit width is
0.027 and the angular slit separation (20,) is 0.17. We note that in
our experiments, we use Laguerre-Gaussian modes. Although these
modes have " dependence, the intensity distribution is non-uniform
in the radial direction with a null in the center of the beam. To obtain
fields with nearly uniform radial intensity and an ¢" phase depen-
dence, we superpose Laguerre-Gaussian modes with varying beam

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

waists while keeping the OAM mode index [ fixed. For the Siemens
star object (Fig. 4), the high density of angular features near the center
introduces noticeable aliasing due to SLM’s pixelation effect during
beam waist scanning; therefore, the central region within a certain
radius is excluded from the analysis to ensure a clear interpretation of
the resolution behavior.

For the object in Fig. 2(b), the measured image intensities are
presented in Fig. 3(a) for various OAM modes index [ of the illumina-
tion. To quantify the resolution enhancement, we use visibility of
images in the following manner. First, using the expression in Eq. (1),
we calculate the radially averaged intensity given by

1(0) = Jrl(n 0,z = 4f)dr. (8)

We then define the visibility as V = % We measure V as a

function of / and indicate that on each plot in Fig. 3(b). We find that
field with /=0 is not able to resolve the azimuthal double-slit.
However, the resolution improves with increasing /, reaching the max-
imum visibility at [, = 10, verifying the relation given in Eq. (7) for
n = 0. At this point, the relative phase difference (A¢) between two
adjacent slit locations becomes 210, = 7, ensuring the perfect destruc-
tive interference. When the OAM is increased beyond I = 10, the visi-
bility decreases reaching its minimum value at [ = 20 and then returns
to its maximum at / = 30 as the destructive interference condition is
achieved at all 210y = (2n + 1)n, where n = 0,1, 2, ... For the given
setup, the Rayleigh criterion gives a minimum azimuthal separation of
7/8 ~ 0.127. However, using our present technique which we refer as
OAM-based azimuthal super-resolution imaging scheme (OASIS), we
achieve /10 ~ 0.17 with nearly 100% visibility (see supplementary
material Sec. ID for details). This demonstrates sub-Rayleigh resolu-
tion with nearly an order-of-magnitude improvement in visibility,
enabling high-contrast imaging beyond the diffraction limit.

For the object in Fig. 2(c), the measured image intensities are
presented in Fig. 4(a) for various OAM modes index [ of the illumina-
tion. We measure V as a function of / and present the results in
Fig. 4(b). We find that unlike the plots in Fig. 3(b), these plots have
more experimental noise. Therefore, for quantifying the azimuthal
resolution in this case, in addition to measuring the visibility, we also

el

Phase on the SLM

LASER

CCD Camera

(b) (©

FIG. 2. (a) Schematic of the experimental setup. (b) The azimuthal-double-slit object. (c) The Siemens star object. For the objects shown in (b) and (c), the angular slit width
is 0.027 and the angular slit separation is 0.17. SF: spatial filter, HWP: half-wave plate, SLM: spatial light modulator, A: aperture, L: lens, M: mirror.
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FIG. 3. Experimental results. (a) Image intensity /(r, 0,z = 4f) of the azimuthal-double-slit object shown in Fig. 2(b) for various OAM mode index / of the illumination.
(b) The plot of the radially averaged intensity /(6), defined in Eq. (8), as a function of @ for various plots shown in (a). The visibility V of the intensity pattern /(6) is indicated

on each plot.

x (pixels)

/
7\

V=NA
C=111

2
i

92 :S¥ 180 9202 AN S0

FIG. 4. Experimental results. (a) Image intensity /(r, 0, z = 4f) of the Siemens star object shown in Fig. 2(c) for various OAM mode index / of the illumination. (b) The plot
of the radially averaged intensity /(6), defined in Eq. (8), as a function of @ for various plots shown in (a). The visibility V of the intensity pattern /(6) and the Cramér-Rao

Lower Bound C are indicated on each plot.

evaluate the Fisher Information (FI) and take the corresponding
Cramér-Rao Lower Bound (CRLB) C*** as a suitable metric (see
supplementary material Sec. II for more details). We note that a
smaller value for C implies better imaging resolution. Both V and C
are indicated on each plot in Fig. 4(b). We clearly see that C is lowest
for I = 10, indicating optimum super-resolution and verifying the
relation given in Eq. (7) for 20y = 0.17.

In summary, in this work, we show that if the field illuminating
the object is structured in the azimuthal coordinate—such as a field
carrying orbital angular momentum (OAM)—the azimuthal features
of an object can be imaged with enhanced resolution. We experimen-
tally demonstrate it with two objects, namely, an azimuthal double-slit
and a Siemens star. We find that for a given azimuthal feature, there is
an optimal OAM mode index of the illumination that gives the best
resolution. Being able to image azimuthal features with enhanced reso-
lution can have important implications for objects with predominantly
azimuthal features, such as the centrosome in animal cells.”*

See the supplementary material for expanded mathematical deri-
vations, including intermediate steps, standard definitions, and
discussions.
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