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Orbital angular momentum (OAM) is a fundamental physical characteristic to describe laser fields with a spiral phase struc-
ture. Vortex beams carrying OAMs have attracted more and more attention in recent years. However, the wavefront of OAM
light would be destroyed when it passes through scattering media. Here, based on the feedback-based wavefront shaping
method, we reconstitute OAM wavefronts behind strong scattering media. The intensity of light with desired OAM states is
enhanced to 150 times. This study provides a method to manipulate OAMs of scattered light and is of great significance for
OAM optical communication and imaging to overcome complex environment interference.
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1. Introduction

Since 1992, the vortex beam has been proved to possess orbital
angular momentum (OAM)[1]. The phase factor φ�r, φ� =
exp�ilφ� can be used to describe the helical wavefront of1 such
a vortex beam, where φ is the azimuthal angle, and l indicates
the topological charge, which can be any integer or fraction.
Thus, the OAM of each photon is lℏ, of which the number
and direction of spiral phase planes depends on the value of
the topological charge l. Such vortex beams with OAM have
donut shapes at the cross section of the light beam, which can
be generated by spiral phase plates (SPP)[2], forked diffraction
gratings[3], cylindrical lenses[4], and computer generated holo-
grams[5]. Also, detection of such OAM beams can be performed
with similar devices. The phase modulation or diffraction
element with opposite topological charges can untwist the vortex
light into a Gaussian beam, which can be detected experimen-
tally by far-field diffraction[4]. In addition, more methods for
accurately detecting OAM have been proposed recently, such
as thermally tuned q-plates[6], diffraction patterns behind aper-
tures[7], and transforming OAM states into transverse momen-
tum states[8]. In the past few years, such a vortex beam has been

widely applied to a variety of fields. It has been demonstrated
that by using OAM beams as information carriers[9–11] the fiber
and state also can provide a unique gradient force distribution,
which has significant applications in optical tweezers[12] and
light–particle interaction[13–15]. Light with OAM is also widely
studied in quantum optics. For example, through parametric
down conversion, OAM beams can produce multi-dimensional
entangled states, which could be of considerable importance in
the field of quantum information[16]. Moreover, it is also advan-
tageous to improve the security and information capacity of
quantum key distribution[17]. Meanwhile, due to the special
optical vortices mode and spatial degrees of freedom, OAM
beams also play important roles in other applications, such as
super-resolution imaging[18], optical measurements[19], and
high-precision measurement in quantum metrology[20].
However, scattering is always a fundamental limit in optical

applications. A beam of coherent light incident into a turbid
medium will be scattered and produce the speckle of random
intensity. Over the past few years, the propagation and penetra-
tion properties of optical vortex beams in a turbid media have
been investigated[21–23]. Although a higher transmittance of vor-
tex Laguerre–Gaussian beams is demonstrated in the diffusive
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region than the Gaussian beam[24], the helical wavefront will still
be distorted when it passes through a strongly scattering envi-
ronment, which will significantly influence its further applica-
tions in all kinds of fields. Therefore, a method to extract and
reconstitute specific OAM information of scattered light is of
great importance. In recent years, there have been some studies
on spatial sorting[25], vortex mode analyzing[26,27], and demul-
tiplexing[28] of scattered OAM beams.
The feedback-based wavefront shaping (FBWS) method was

proposed by Vellekoop in 2007[29,30]. Although most quantita-
tive descriptions of the light evolution process in a strong scat-
ting environment is approximated, this process can be taken as a
deterministic linear system if the scattering medium is static.
Then, by shaping the incident wavefront correctly, the outgoing
light can be focused or manipulated to any desired wavefront.
The transmission matrix is an effective method to describe
and manipulate scattered beams[31]. In 2012, Conkey and co-
workers applied the genetic algorithm towavefront optimization
and proved that it was particularly advantageous in low signal-
to-noise environments[32]. Ideally, it will finally achieve the local
optimal solution, as long as an appropriate objective function for
optimization is determined, with sufficient iteration. Besides,
this technology has also been widely used in nonlinear harmon-
ics focusing[33], glare reduction[34], spatiotemporal coherent
control[35], non-invasive imaging[36,37], and deep focusing and
imaging[38,39].
In this Letter, assisted by the FBWS method, we restore the

OAM information of light behind strong scattering media. By
using an SPP with an opposite topological charge as a detection
component, the objective intensity steadily increases and
approaches the local optimum with the operation of the genetic
evolution algorithm. The enhancement factor is estimated to be
150 over 500 generations of the evolution. These experimental
results are repeatable and suitable for OAM recovery of different
topological charges. In addition, the reconstitution of OAMs
around different optical axes is also demonstrated in our
experiment.

2. Experiment

The concept of reconstituting optical OAMs via the FBWS
method is shown in Fig. 1. Without wavefront shaping, the light
behind the scattered material is mutilated as disordered speckles
on the screen, as shown in Fig. 1(a). According toHuygens’ prin-
ciple, each point of the original spiral wavefront emits a wavelet.
The optical pattern is the result of propagation and coherent
superposition of every wavelet. When going through the strong
scattering medium, each wavelet gets a random additional phase
(as well as attenuation), which leads to the generation of the dis-
ordered speckle pattern. Such OAM states of light can be recon-
stituted forwardly by using a wavefront optimization procedure
after the strong scattering media, as shown in Fig. 1(b). In the
reconstruction processes, the SPP with opposite topological
charge is used to detect the relative intensity of light carrying
the specific OAM[40,41].

The experimental setup is illustrated in Fig. 2. A continuous
wave (CW) laser at the wavelength of 532 nm is used as the light
source. A half-wave plate (HWP) and a polarizer (P1) after the
laser are used to adjust the intensity and polarization of the inci-
dent light. Then L1 (f 1 = 30mm) and L2 (f 2 = 200mm) is a pair
of beam expander lenses to allow the cross section of the laser
beam to cover the modulation area of the spatial light modulator
(SLM) as much as possible. The phase-only SLM (UPOLabs,
HDSLM80R) is sensitive to horizontal polarization light and
has a resolution of 1920 × 1200 pixels, each with a rectangular
area of 8 μm × 8 μm. Each pixel can be independently controlled
and converts the phase of light from 0 to 2π. Lenses L3 and L4
(f 3 = f 4 = 200mm) constitute a 4-f imaging system. The SLM
and SPP are, respectively, at the front and back focal plane of
the 4-f system, which maps the phase modulation of the SLM
onto the SPP to realize OAM detection. The scattering sample
that we used here is TiO2 powder, which is deposited onto an
indium tin oxide (ITO)-coated glass substrate by the electropho-
resis method. The TiO2 powder layer is about 100 μm thick, and
the transport mean free path is less than 10 μm,measured by the
coherent backscattering method[42,43]. The inset in the bottom
right corner of Fig. 2 shows the morphology image of the
TiO2 powder by using scanning electron microscopy. Lens L5

Fig. 1. Sketch map of optical OAM reconstitution through scattering media.
(a) Without wavefront shaping, the OAM beam forms a disordered speckle
pattern behind the scattering medium. (b) With an appropriate SLM phase
mask applied in advance, optical OAM is reconstituted after scattering.
Using an SPP with an opposite topological charge as a detection component,
a focal point can be generated on the screen.

Fig. 2. Experimental setup for OAM restoration behind the strong scattering
media. HWP, half-wavelength plate; P1, P2, linear polarizer; BS, beam splitter;
SLM, spatial light modulator; M, reflecting mirror; SPP, spiral phase plates,
which has a center-symmetrical phase distribution as shown; L1−5, lens;
f1−5, 200, 200, 200, 100 mm. Inset: a scanning electron microscopy image
of the TiO2 powder.
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is a Fourier lens (f 5 = 100mm), which allows us to observe the
far-field diffraction pattern, which is detected by a2 complemen-
tary metal–oxide–semiconductor (CMOS) camera (DAHENG
IMAGING, MER-U3) at the Fourier spectrum plane. The
CMOS camera has a resolution of 1280 × 1024 pixels,
each with a rectangular area of 4.8 μm × 4.8 μm. A wave plate
analyzer P2 is placed before the detector to ensure polarization
consistency after scattering. The pixels on the SLM are divided
into square segments with side length of eight pixels, each of
which serves as an independent modulation unit during the
optimization. The genetic algorithm is written based on the
Labview platform in order to control the hardware more con-
veniently. This process is mainly divided into three stages: ini-
tializing the population, sorting and screening parents, and
crossing and mutation. To start with, a population of N = 100
phase masks is generated randomly as the first generation.
Next, all of these masks should be ranked according to the objec-
tive function, which is defined by the intensity at the target
region. One would have a higher chance to be chosen as a paren-
tal mask to breed the next generation. The genetic process is
repeated until a desired pattern or a locally optimal solution
is achieved[32].
Before algorithm optimization, it is important to set a suitable

objective function for iteration. As mentioned above, the detec-
tion system is formed by an SPP, a far-field diffractive lens, and a
CMOS camera, which forms the Fourier transform relationship
in the plane of these three optical components. Firstly, the sys-
tem is calibrated without the scattering medium. Figure 3 shows
an experimental demonstration of measuring optical OAM. The
intensity graph in Fig. 3(a) is the OAM state with l = 6 gener-
ated by the SLM, which is the goal of subsequent experimental
restoration. Figures 3(b)–3(f) show the far-field diffraction pat-
terns when such an OAM state with l = 6, respectively, passes
through the SPP with the integer topological charges from l =
−4 to l = −8. It is obvious and also demonstrated in previous
researches that only if the topological charges of the OAM beam
and SPP are just matching (lOAM = −lSPP), the dark hole in the
center of the beam will transfer into a spot. Therefore, the rel-
ative intensity in this bright spot position can quantitatively
reflect the light intensity of the OAM state that is coaxial with
the SPP. The calibration process is to determine the position
of the center bright spot during the far-field measurement.
Secondly, we keep the entire light path unchanged in subsequent
experiments, and the light intensity of such a bright spot area on
the optical axis of the SPP is set as the objective function in our
experiment.

3. Results

The complete reconstitution process of an OAM state of 6ℏ is
revealed in Figs. 4(a)–4(c). After calibrating with an ideal
OAM state, a circular area with a radius of 10 pixels is recorded
by CCD and shown in Fig. 4(a). Next, we place the strongly scat-
tering medium into the optical path and choose the same coor-
dinates of the area shown in Fig. 4(b) as our target location to
start the genetic algorithm optimization. The relative light inten-
sity of the target area continues to increase, and finally a high-
contrast spot is obtained, as shown in Fig. 4(c). The optimized
results can be maintained for quite a long time, as long as the
system does not receive artificial interference, which confirms
that our system has great stability. The enhancement factor η
is defined to quantify the optimization process, which is the ratio
of the intensity at the detective region after optimization and the
mean intensity of the scattering background. As expected, η
increased generally with the generation number, and it can reach
the value of 150 after around 500 generations in our experiment.
Asmentioned, the SPP can be regarded as a spatial filter, thus the
zero-order component is selected at the Fourier spectrum plane
to be the algorithm feedback. Though the data shown here has
not completely converged, the overall enhancement has gradu-
ally slowed down, which is consistent with the convergence
trend of the enhancement curve. A series of typical enhancement
curves of different OAM states is also shown in Fig. 5(a). In this
optimization process, the convergence speed has weak depend-
ence on the OAM state to be restored. This is because the high
disorder degree of the strong scattering medium completely dis-
rupts the wavefront structure of the OAM beams. Therefore, the
convergence speed is mainly affected by the hardware and algo-
rithm programs we used. Figure 5(b) shows the result of meas-
uring the stability over 10 h. The relative intensity of the focus
only has a small decrease to around 94%, which indicates a good
stability of the whole system.
As we know, the definition of OAM of light is determined by

the direction of the optical axis. Besides, the manipulation of
OAM at different directions also brings flexibility when it is used
in different circumstances. Therefore, based on the same system,
we also restore the OAM of light at different spatial directions in
our experiment. By adjusting the angle of the reflect mirror after

Fig. 3. Experimental demonstration of measuring OAM and calibration. (a) An
example for the OAM state with l = 6 generated by SLM. (b)–(f) The far-field
diffraction patterns while the OAM beam in (a) passes through an SPP with
different topological charges.

Fig. 4. (a) Calibration of detecting system with an SPP of l = −6. (b) Direct
imaging the OAM states through scattering media before algorithm optimi-
zation. (c) During algorithm optimization, the light intensity of the target area
is significantly enhanced. The red circles indicate the target area to be opti-
mized marked by the calibration.
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the SLM, the optical axis orientation of the light path can be
adjusted in a small range. The calibration and optimization
processes are similar to the previous. Figure 6 shows the experi-
ments on the reconstitution of the OAMbeamwith l = 5 at four
different spatial directions, which corresponds to the deflection
angle around ±10° and the pitch angle around ±6°, respectively.
The evolution of the enhancement factor with the generation
number is also shown in each figure. Without loss of generality,
300 generations are performed in our experiment, which can
also achieve a relatively high enhancement. In fact, we can real-
ize arbitrary direction manipulating OAM of light after the
strong scattering medium theoretically, which will be more flex-
ible and convenient when it is used in different fields. For exam-
ple, alignment of the laser transmitting and receiving system is
always needed at the process of optical communication.
Therefore, our experiment provides a method to complete this
task at the strong scattering environment.

4. Discussion

The main limit of the enhancement factor in our experiment
comes from the modulation depth and degree of freedom of
the SLM. In theory, more input modes will result in a higher
enhancement[32]. However, a more nuanced division also brings
greater complexity and time costs, which requires higher stabil-
ity of the whole system. The problem may be improved by more

accurate and quickly responsive modulation equipment, like a
digital mirror device (DMD)[44–46]. In the experiment, only
SPP was used to detect OAM after the scattering medium.
Besides, it is possible to restore the multiplex OAM states by
using another SLM to generate a hologram as a detection unit.
Similarly, if the detection unit is replaced with a forked grating, it
can realize the simultaneous restoration of multiple OAM states
at different diffraction orders in space. The Laguerre–Gauss
beam can also be generated after the scattering medium by
measuring the transmission matrix[31]. In comparison, the
advantages of the genetic algorithm are that it has better anti-
interference ability and larger enhancement factor[32]. It is
because the transmission matrix method requires that all mea-
surements bemade before the input pattern is calculated accord-
ing to the target, whereas algorithm optimization is a step-by-
step process. Even if disturbed midway, previous individuals
with better performance have been retained in the population.
Our method not only provides the possibility for the application
of OAM beams in complex environments, but also gives a per-
spective for the manipulation of scattered light fields.
Combining the presented technique with other schemes for tem-
poral[35,47], polarization[48], spectral control[49], and the scatter-
ing transmission matrix measurement[50,51], non-ballistic light
in a strong scattering medium can be manipulated and utilized
in a multi-dimensional manner.
In conclusion, we have reported the reconstitution of optical

OAMs scattered by strong turbid media via the FBWS method.
In our experiment, the SPP with an opposite topological charge
is used to detect the OAM of scattered light. Using algorithms
to address random scattering problems effectively avoids

Fig. 5. (a) Enhancement factor curves of different topological charges
(l = 4 − 7). In our experiment, a typical value is 150 after 500 generations.
(b) Stability measurement of the focusing relative intensity over 10 h.

Fig. 6. Reconstitution of OAMs in different spatial directions. (a) and (b) have a
deflection angle of around ±10°, while (c) and (d) have a pitch angle of around
±6°. The red cross is the optical axis direction of the original optical path.
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mathematically complex operations. Combining the optimiza-
tion algorithm, the optical OAM information can be effectively
extracted and enhanced after the strong scattering process. The
enhancement factor was estimated to be 150 after optimization
of 500 generations. Meanwhile, we have verified the feasibility of
this method for OAM reconstitution of different topological
charges and different spatial directions. This method has been
confirmed to have good repeatability and robustness. Our sys-
tem is also proven to have high stability. Actually, the enhance-
ment of the scattered OAM states is a localized effect in a
particular direction by wavelet path selection and constructive
interference. Nevertheless, it still demonstrates both a unique
perspective and significant progress in random optics.
Consequently, this work paves a way for the use of OAM beams
in complex media for optical communication and deep imaging.
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