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Perfect optical vortices enable the unprecedented optical
multiplexing utilizing orbital angular momentum of light,
which, however, suffer from distortion when they propagate
in inhomogeneous media. Herein, we report on the experi-
mental demonstration of perfect optical vortice generation
through strongly scattering media. The transmission-
matrix-based point-spread-function engineering is applied
to encode the targeted mask in the Fourier domain before
focusing. We experimentally demonstrate the perfect optical
vortice generation either through a multimode fiber or a
ground glass, where the numerical results agree well with the
measured one. Our results might facilitate the manipulation
of orbital angular momentum of light through disordered
scattering media and shed new light on the optical multi-
plexing utilizing perfect optical vortices. © 2021 Optical
Society of America

https://doi.org/10.1364/0L.435636

Optical orbital angular momentum (OAM), originated from
a helical phase of electric field exp(i/¢), resembles a promising
physical dimension of light for optical multiplexing because
the states of OAM carrying beams are theoretically unbounded
[1-6]. In general, OAM beams of different topological charges
manifest themselves as ring-shaped intensity profiles with
distinct radius size, which inevitably imposes a fundamental
challenge on the coupling between different OAM beams and
fiber. At the same time, this property would also restrict the
upper limit of spatial density of multiplexing utilizing different
OAMs of light. In contrast to a conventional OAM beam, a
perfect vortex beam (PVB) can sustain a large topological charge
while maintaining a small beam size simultaneously [7], facili-
tating various interesting science perspectives and attractive
applications utilizing PVBs [8-19]. However, both types of
OAM beams are fragile when they propagate through strongly
scattering media, and a special fiber is needed to sustain such
OAM states [4].
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Wavefront shaping technologies provide versatile solutions
to compensate the scattering destabilization during propagat-
ing through such complex scattering media [20-44] and even
provide effective means to generate various structured beams
through scattering media [20,21,31-33,35,39,40]. To date,
conventional OAM beams [31,32], Bessel beams [31,32], heli-
cal beams [31], Gaussian beams with tailored polarization [33],
and needle beams [35] have been demonstrated experimentally
utilizing scattering media. However, the experimental demon-
stration of PVBs generated upon scattering media, especially
utilizing a multimode fiber (MMF) remains the expectation
while a promising prospective has not be demonstrated yet. In
this Letter, we report on the experimental verification of PVB
generation through botha MMF and a ground glass.

As one of the most flexible wavefront shaping techniques,
transmission matrix (TM)-based engineering of a light field
passing through a scattering medium relies on the measurement
of TM for that medium. Because of the linear and deterministic
nature of the scattering process even for strongly scattering
media, the incident and transmitted light field through a scat-
tering medium can be bridged by a TM, which is defined as
the matrix 7, whose complex value 2, connects the incident
optical field at the mth output mode [charge coupled device
(CCD) coordinates (x, y)] to the nth input mode by [22]

N
EQ ="t EN, (1)
n=1

where V is the total number of input pixels used in the spatial
light modulator (SLM).

Experimentally, the TM can be measured by using full-field
interference and four-step phase-shift method [22-27]. Once
the TM s calibrated correctly, an encoded phase pattern, which
is subsequently used for displaying at the SLM, can be obtained
by means of digital optical phase conjugation (DOPC) to pro-
duce a focus with a size of diffraction limit at any position of the
image plane described in Eq. (1). Inspired by the point-spread-
function engineering method [31], it is feasible to tailor the
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Proposed mechanism of generating PVBs through a scattering medium. (a) Schematic of the wavefront shaping-based point-spread-

function engineering for generating PVBs with different topological charges through a scattering medium. A phase encoded beam by a SLM passes
through a scattering medium that can be either a MMF or a ground glass. The transmission beam that experiences multiple scattering in the scattering
medium can be tailored to form PVBs at any position of the image plane. (b) Details of procedures to generate PVBs. The TM T is first measured
experimentally. Without any filtering in Fourier domain, the DOPC of T can generate a focus with a size of diffraction limit. Here, x and y specify
the coordinate of the CCD. With a 2D-Fourier transform of the 7, the new TM 7% is obtained by numerically applying a PVB phase mask with an
arbitrary topological charge in £-space. After filtering, the DOPC of 7% allows for generating PVBs in the output plane that is recorded by a CCD.

properties of focus by adding a complex mask associated with
the characteristics of PVBs in the Fourier domain. Therefore,
combining with the theory of PVB, one can generate PVB
through a scattering medium by applying wavefront shaping,
which is schematically illustrated in Fig. 1(a).

Figure 1(b) presents the mechanism to generate PVBs with
arbitrary topological charge through a scattering medium. In
principle, the optical field in a virtual pupil can be numerically
obtained by performing Fourier transform of the experimentally
measured TM for a specified scattering medium, namely, a
MMEF or a ground glass. The 2D-Fourier transform of the TM

T resultsin 7

EkZFZD(tmn)’ m=1:M, (2)
where 7 is one column of 7, 7 specifies the column number of 7,
and k = (k,, k,) is the wave vector. By numerically filtering the
virtual pupil with a topological charge dependent PVB phase
mask P in k-space and taking the inverse Fourier transform of
the filtered matrix, a TM encoded with the information of PVB
is obtained. The PVB phase mask can be obtained by using the
method proposed by Ostrovsky et al. [7], while other methods
[8—19] can also be generalized. In polar coordinates, the profile
of PVB at a fixed propagation distance with the topological
charge / can be expressed by [7]

2
E(p, ) =circ (%) exp [—%] e, (3)

where pg and A are the radius of the ring and its width, respec-
tively, and R is the radius of the pupil aperture. The PVB phase
masks P; with different topological charges / shown in the inset
of Fig. 1(b) correspond to the spatial frequency of Eq. (3) in the
k-space. In order to generate PVBs through the scatter medium,

we then multiply each column of 7'by the PVB phase mask P, to
obtain a new filtered element in the £-space:

=5 x Py(ky, k). (4)

Then, the targeted TM 7 encoded with the PVB of a speci-
fied topological charge / can be obtained by performing inverse
Fourier transform of Eq. (4):

A = Fd G, ®

Finally, a PVB at any position of output plane can be gener-
ated through the scattering medium by applying the DOPC
of T, whose donut-like intensity profile is independent of
topological charge.

In order to verify the validity of the theoretical proposal,
we perform numerical simulation of generating PVBs with
topological charges ranged from 1 to 10. Based on the linear
relationship between incident light and scattered light and the
complex Gaussian distributed property of the diffused light
[29], we artificially generate the TM by computer to charac-
terize the propagation of light in the scattering medium [29].
We then perform the steps described in Fig. 1(b) to obtain the
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Fig. 2.
(/=1,4,7,and 10) for filtering in the virtual pupil. (¢)—(h) Simulation
results of the numerically generated PVBs with different topological
charges through a scattering medium. The radius of all generated PVBs
is independent of topological charge. Scale bar, 100 pm.

(a)—(d) PVB phase masks with distinct topological charges /

PVB phase masks of different topological charges /. Four typ-
ical examples (/ =1, 4, 7, 10) are shown in Figs. 2(a)-2(d).
Here, pgo =8L and A = 2L are used in Eq. (3), where L is the
pixel size of the CCD. We compute the input phase using the
DOPC of 7, and four PVBs with distinct topological charges
(/=1,4,7,10) standing over the background in the image
plane can be obtained [see Figs. 2(e)—2(h)]. As can be seen from
these figures, the intensity profiles of the generated PVB are
independent of topological charges. The diameter and radius
of the donut-like focus are equal to the targeted ones used in
generating the PVB phase masks utilizing Eq. (3) with different
topological charges / up to 10.

In order to validate the theoretical results, we perform an
experiment of the PVB generation utilizing two typical scat-
tering media. The optical setup for measuring the TM and
performing the wavefront shaping is shown in Fig. 3. A semi-
conductor laser (A =532 nm, MGL-FN-532, Xiai) is filtered
and collimated, and a Glan prism is used to produce a horizon-
tally polarized laser beam, which will be effectively modulated
by the SLM. Then the incident beam is encoded by a phase-only
SLM (PLUTO-NIR, HOLOEYE) with a pre-calculated phase
pattern and reflected to the beam splitter. The collimated beam
incident on the SLM is divided into two parts, which are cor-
responding to the modulation part (central square region) and
the reference part (outer region), respectively. Then the reflected
beam is focused by the objective (Obj2) into the scattering
media, which can be either a MMF (#400 um, NA = 0.50,
Daheng Optics) or a ground glass (DG10-600, Thorlabs).
Another objective (Obj3) is placed behind the scattering
medium to collect the scattered light. The output light is then
recorded by a CCD (MER-231-41U3C-L, Daheng Imaging).
The TMs of two scattering media are both obtained by utilizing
full-field interference and four-step phase-shift method [22].

The scenario of a ground glass is investigated first. After
completing the TM measurement, the corresponding PVB
phase mask of a topological charge / is applied in the numerically
filtering step. With the same procedures described in Fig. 1(b),
we choose the central pixel of the CCD as the targeted posi-
tion where the focus locates. Here, the input modes consist of
32 x 32 macro pixels where each macro pixel indicating an
input mode of Eq. (1) is synthesized by 20 x 20 pixels of the
SLM. As a result, 1024 input modes are used in our system.
At the same time, we use 256 x 256 CCD pixels as the output
modes. The experimental results of PVBs generated through
the ground glass (/ =1, 4, 7, 10) are presented in Fig. 4, where
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Fig. 3. Experiment setup for generating PVBs through two typical
scattering media. G is a Glan prism, P is a linear polarizer, BS is a
beam splitter, Obj denotes the microscope objective (Objl: 40X,
NA = 0.65; Obj2: 10x, NA =0.25; Obj3: 20x, NA = 0.40), and
M is a mirror. The Objl, lens, and pinhole form a spatial filtering
and collimating system. A MMF or a ground glass is used here as the
scattering medium. The length of MMF is 1 m. The size of pinhole is
20 pm. The focal length of the lens is 100 mm.
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Fig. 4.
cal charge (/=1, 4, 7, and 10) after propagating through a ground
glass. Scale bar, 100 ptm.

(a)—(e) Experiment results of PVBs with different topologi-

PVBs of distinct topological charges standing over the speckle
background are observed. Furthermore, it is clearly revealed
that the diameters of four rings are independent of topological
charges / [Fig. 4(e)], and the beam profiles of different topologi-
cal charges are similar to the theoretical analysis shown in Fig. 2.
The interference results (data not shown) between the generated
PVBs and a Gaussian beam confirm the OAM nature of the
generated beams.

Furthermore, MMFs facilitate various applications in optical
communication and multiplexing. Because of the inevitable
imperfection of fiber geometry and mode coupling, a random
speckle pattern appears when a coherent laser beam propagates
through a non-polarization maintaining MME. As a result, it
will impose limitations on the applications of MMFs in many
fields. Wavefront shaping techniques have been introduced to
tailor the optical field transmitted through the MMF [28,32—
34,37-42], where the experimental generation of the PVB viaa
MMEF is still absent. By replacing the ground glass with a MMF
(1 m) in the experimental setup shown in Fig. 3 while apply-
ing similar procedures described above, we can also generate
PVBs with different topological charges through a MME. The
experimental results are shown in Fig. 5, where the generated
beam profiles of vortex beams with distinct topological charges
are similar. It should be pointed out that the experimental
results utilizing the MMF are not as good as the ground glass
one, which might be due to less precision in calibrating the
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Fig.5. (a)-(e) Experiment results of PVBs with different topologi-
cal charges (/ =1, 4, 7, and 10) after propagation through a MMF.
Scale bar: 100 pm.

corresponding TM because the MMF is more sensitive to the
perturbation from environment.

In summary, we propose theoretically and demonstrate
experimentally that PVBs with topological charge independent
beam profiles can be generated through strongly scattering
media. By applying topological charge dependent PVB phase
masks to the virtual pupil in Fourier domain, we can generate
a PVB at the imaging plane through a MMF or a ground glass.
The experimental results agree well with the numerical ones
for PVBs with distinct topological charges, where the beam
profiles of the generating PVBs are independent of topological
charges. The proposed is general for other strongly scattering
media whose TM can be measured experimentally. The method
can also be generalized to generate PVB array through strongly
scattering media [13,14,18]. It is anticipated that the proposed
method can become an alternative to generate PVBs through
a fiber without applying any modification at the fiber facet,
which could increase the coupling efficiency of OAM beams
to fiber and might open up new possibilities in an MMF-based
endoscope as well as scattering optics.
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