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The conversion between spin and orbital angular momentum plays a crucial role in modern science and
has a wide range of applications in optical multistate magnetization, optical micromanipulation, classical
and quantum optical communications. However, it becomes difficult in many complex environments due
to the inherent scattering effect. Here, we experimentally demonstrate the active control of spin and orbital
angular-momentum conversion of light by a scattering system. We obtain significant optimization results
and prove that the angular-momentum conversion process in scattering medium is tunable and flexible.
Our work opens the door for high-dimensional optical information exchange in complex circumstance and
paves the way for applications of optical angular momentum in optical communication.
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I. INTRODUCTION

Angular momentum is one of the most fundamental and
vital properties of physical particles, which can be divided
into spin angular momentum (SAM) [1,2] and orbital
angular momentum (OAM) [3–5]. In the last few years,
both optical SAM and OAM have proven extremely use-
ful in various fields [1–5]. When the circularly polarized
light carrying SAM interacts with the medium, SAM of
light will change and therefore trigger the optical rotation
effect, which is universally applied in the manipulation of
particles and biological cells [6–8]. Since Allen found that
vortex beam carries OAM in 1992 [3], it has been proved to
have wide applications in both classical and quantum areas
[9,10], such as optical microfabrication [11–13], micro-
manipulation [14–21], OAM entanglement [22–25], and
superresolution optical imaging [26]. More compelling and
attractive, the optical communication capacity could be
increased to another level by using infinite eigenstates of
vortex beam as information carriers [27–30].

Recently, there has been enormous interest in the
angular-momentum conversion when the light interacts
with matter [31,32]. Of note, the conversion between SAM
and OAM is essentially the coupling between different
degrees of freedom of light field [9]. It breaks through
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the limitation in traditional optics that different angular
momentum can only be adjusted individually. Actually,
the angular-momentum conversion is ubiquitous in vari-
ous kinds of optical processes [33]. The coupling between
different angular momentums has been proved to be avail-
able in the optical control of multistate magnetization [34]
and has also been demonstrated useful in optical nanoprob-
ing [35]. Angular-momentum conversion is particularly
valuable in multistate information encoding for quantum
computing [36,37] and optical communication [38,39].
This kind of angular-momentum conversion processes are
associated with the Pancharatnam-Berry phase induced by
inhomogenous transformation of the polarization direc-
tion [40]. Therefore, inhomogeneous anisotropic medium
becomes a reliable technique to achieve angular momen-
tum conversion, such as q plate [38] and metasurface
[41–43]. However, these elements achieve angular-
momentum conversion with restricted direction and
extremely rely on precisely designed geometric structures,
which limit their applications especially considering many
complex environments [44–47], such as under water, cloud
and mist, sand and dust weather, etc. Therefore it is of
fundamental relevance to realize the coherent control of
spin and orbital angular-momentum conversion of light
by a scattering system considering a variety of practical
applications.

In these complex environments, the strong scattering
effect of light in scattering media dominates. Such scatter-
ing media have chaotic and disordered internal structure,
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which randomly changes the original propagation and
polarization direction of light [44]. Intuitively, the scat-
tering effect of light is always regarded as the obstacle
to the practical applications of light [44–47]. The infor-
mation transition between different angular-momentum
channels will be severely damaged by scattering media.
From another perspective, the abundant optical processes
in the scattering medium also make it a promising tool to
achieve angular-momentum conversion under proper reg-
ulation [44]. According to previous investigation, there is
a tight correspondence between the wave-front informa-
tion of the incident light and the scattered light although
the scattering system is chaotic [48]. Inspired by this, the
feedback-based wave-front shaping (FBWS) method was
proposed to handle this problem [49]. It combines the spa-
tial light modulator (SLM) and mathematical algorithms
[50,51] to achieve local optimal solution. As an effec-
tive tool to modulate the optical processes in scattering
medium, FBWS has recorded many achievements such as
focusing through scattering medium [49,52], noninvasive
imaging [53], and nonlinear signal manipulation [54–56].

In this paper, we experimentally realize the active con-
trol of spin and orbital angular-momentum conversion of
light by strongly scattering medium with the help of the
FBWS method. Considering the coupling conversion con-
trol can be applied to identical degrees of freedom or
between distinct degrees of freedom, we experimentally
implement four classifications of angular-momentum con-
version by scattering system, including the conversion of
OAM-OAM, OAM-SAM, SAM-SAM, and SAM-OAM.
The objective function in each conversion process obtains
a significant increase and approaches a stable value with
the operating of genetic evolution algorithm. The enhance-
ment factor η, which is the ratio of the intensity at the
detective region after optimization and the mean intensity
of the scattering background, varies from 13 to 40 for dif-
ferent experiments over 200 generations of optimization.
These repeatable and stable experimental results verify that
the angular-momentum conversion process in scattering
medium is flexible and tunable.

II. THEORETICAL ANALYSIS

Figure 1 describes the physical principle and schematic
of the angular-momentum conversion process in scatter-
ing medium. The incident-light wave front on the SLM
can be divided into m×n pixels with the same size, as
shown in Fig. 1(a). The input light on each pixel is individ-
ually modulated by SLM and travels through the scattering
medium along a specific path r. Different modulation phase
in single modulation unit will change light path inside
the scattering medium (r, r′, . . .), which contribute differ-
ent strength of angular-momentum conversion, as shown
in Fig. 1(b). The input and output light on one pixel can be
expressed as the quantum state and denoted as |φ〉m,n and

(a) (b)

(c) (d)

FIG. 1. Physical principle and schematic of the angular-
momentum conversion process by scattering medium. (a)
The modulation pixels on SLM, which can be divided into
m × n units. (b) Different modulation phase in single pixel
imposed by SLM will change light path inside the scatter-
ing medium (r, r′, . . .), which contribute different strength of
angular-momentum conversion. (c) Schematic of the coherent
control of the conversion from OAM state to SAM state or dif-
ferent OAM states. (d) Schematic of the coherent control of the
conversion from SAM state to different SAM states or OAM
states. SLM, spatial light modulator. SM, scattering medium.
|�〉, |�′〉, different OAM states. |S〉, |S′〉, left and right circularly
polarized light with different SAM states, respectively.

|φ〉out
m,n

, respectively. The input light states |ϕ〉input are the
same as the light states on each pixels |φ〉m,n. After modu-
lation of the SLM, they can be connected as the following
formula:

|φ〉out
m,n

= Ĥ r
m,n|φ〉m,n, (1)

where the operator Ĥ r
m,n means the SLM-controlled path

operator determined by the phase modulation on the (m, n)
pixel and scattering effect of path r. The optical state
after the scattering medium is a combination of the states
coming from all the pixels:

|ψ〉out =
∑

m,n

|φ〉out
m,n

=
∑

m,n

Ĥ r
m,n|φ〉m,n. (2)

SLM modulates the wave-front state of light and
changes the path into an alternative one r′ for single pixel.
Under this circumstance, the received optical state will
also be transformed into an alternative |ψ ′〉out. After con-
tinuous optimization, we seek the optimal solution or the
optimal phase modulation on the SLM to achieve the
best angular-momentum conversion. It means that we can
achieve coherent control of the angular-momentum con-
version process within the scattering medium assisted by
the FBWS.

As shown in Figs. 1(c) and 1(d), we present the
schematic of the coherent control of angular-momentum
conversion in scattering system based on the theory
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described above. The incident light will be jointly
influenced by the SLM modulation and the scattering effect
of scattering medium, which is finally transformed into the
target state being emitted from the other end of the scat-
tering system through continuous optimization. The states
of light at both ends of the scattering system can be flex-
ibly changed, either polarized information carrying SAM
or vortex phase carrying OAM.

III. EXPERIMENT

A. Conversion from OAM to SAM or OAM

In OAM-OAM experiment, the preset experiment goal
here is the conversion of OAM with � = 2 to OAM with
� = 4, 6, 8, 10 without loss of generality. The experimen-
tal setup is illustrated in Figs. 2(a) and 2(b). Figure 2(a) is
the preparation of input OAM states. The light source is
a cw laser with the wavelength of 532 nm. The polariza-
tion of laser beam is changed to horizontal direction by
using the polarizer (P). The fundamental mode Gaussian
laser beam is converted into vortex beam carrying OAM
by passing through spiral phase plate (SPP1, � = 2). The
corresponding setup for modulation and detection of OAM
after scattering is illustrated in Fig. 2(b). The SLM we
use is a phase-only liquid crystal modulator (UPOLabs,
HDSLM80R), which is only available for transversely
polarized component of light, has a rate of 60 Hz, and a
resolution of 1920 × 1200 pixels, each with a rectangular
area of 8 × 8 μm2. We set a 20 × 20 pixel area as the mod-
ulation unit of the SLM mask. A smaller modulation unit
obtains better optimization results but increases the opti-
mization time. After modulation by SLM, the modulated
beam is focused onto the scattering medium (SM) by L1
(f 1 = 100 mm) and then collected by L2 (f 2 = 100 mm).
The scattering sample is LiNbO3 powder deposited onto
the glass substrate by electrophoresis method. The LiNbO3
powder layer is about 100 µm thick, which is used to
simulate strongly scattering environment. The output light
passes through SPP2 and L3 (f3 = 200 mm) and then is
collected by a CMOS camera (DAHENG IMAGING,
MER-U3), of which the response time is 1 ms. We imple-
ment 200 generations of optimization, which takes about
1 h. The reason for it is that the algorithm can converge
and the optimization results can reach a stable threshold
within 200 generations. SLM, L1, L2, and SPP2 constitute
a 4f system together. SLM and SPP2 are, respectively, on
the front focal plane of L1 and the back front plane of
L2, which allows the phase modulation to be matched to
SPP2 for accurate detection of OAM [57]. In the experi-
ment, the computer records the images on the camera and
performs quantization analysis. In accordance with genetic
algorithm (GA) [51], the optimization process is repeated
until the objective function converges.

It is worth mentioning that we accomplish a calibration
process to determine the target region in order to accurately

(a) (b) (c)

FIG. 2. Experimental setup for conversion from OAM to
OAM or SAM. (a) The preparation of input light possessing dif-
ferent OAM states. (b) The modulation and detection system for
OAM-OAM conversion. (c) The modulation and detection sys-
tem for OAM-SAM conversion. P, polarizer; SPP1, spiral phase
plate with topological charge � = 2; BS, beam splitter; M, mirror;
SM, scattering medium; SPP2, spiral phase plate with differ-
ent topological charges �=−4, −6, −8, −10; L1–L3, lens with
focal length f 1–3 = 100, 100, 200 mm; QWP, quarter-wavelength
plate.

detect the OAM state of output light. When the topologi-
cal charge of the incident beam and SPP2 match each other
(�OAM = −�SPP), the phase singularity of the vortex beam
will become a bright spot. These details are provided in
Appendix A. In the experiment, we set the region of bright
spot as the target region. The change of average light inten-
sity in the target region reflects the corresponding OAM
state intensity after the scattering medium.

Figures 3(a)–3(d) and 3(i) are the experimental results
for OAM-OAM conversion processes. The left images
of Figs. 3(a)–3(d) are the intensity distribution of vor-
tex beams carrying OAM with � = 4, 6, 8, 10. The
middle images are the intensity distribution after different
OAM light passing through the scattering medium before
optimization. The red circles mark the target regions that
we determine by the calibration process mentioned above.
We set the intensity in target region as the objective func-
tion. The optimization results are shown in the right image
of Figs. 3(a)–3(d). In the optimization process, the light
intensity of the target region continually increases with
the increasing of optimization generations. Finally, a very
obvious bright spot appears in the target region, which
means the output light has OAM of target topological
charge. The corresponding intensity curves of target region
with changing of generations are shown in Fig. 3(i). The
curves of different colors represent the results of different
target topological charges. It is clear that the light intensity
of the target area keeps growing and eventually reaches
convergence as the generation increases. The enhancement
factor η reaches the value of about 16–20 after 200 gener-
ations. During the whole optimization process, the average
intensity does not increase monotonically but in slight fluc-
tuation, which is caused by the algorithm randomness.
Overall, the intensity maintains the trend of increasing
and achieves a local maximum value, which is consis-
tent with the expectation. From the experimental results of
Fig. 3(i), we can see that the enhancement factors do not
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(e) (f) (g) (h)

(i) (j)

FIG. 3. Experimental results for conversion from OAM to
OAM or SAM. (a)–(d), (i), Experimental results for OAM-
OAM conversion. (a)–(d) are results of different topological
charges � = 4, 6, 8, 10, respectively. In each group, the left
image shows OAM state, the middle image shows intensity dis-
tribution of light after scattering. The right image shows intensity
distribution of light after 200 generations optimization. The red
circle indicates the optimization area determined by calibration
process. (i) The curves of intensity varying with generations for
different topological charges. The number of generations is 200.
The enhance factor is about 16–20. (e)–(h) Experimental results
for OAM-SAM conversion. (e) Intensity distribution of vortex
beam with � = 2. (f) Intensity distribution of light captured by
CCD after scattering. (g) Intensity distribution of light after 200
generations’ optimization. (h) Intensity distribution after deflect-
ing the optical axis of the polarizer to the vertical direction
corresponding to the right circularly polarized light. (j) The curve
of intensity varying with generations in OAM-SAM conversion.
The optimization threshold is about 320. The enhance factor is
about 40.

show significant correlation with the output OAM states
because of the strongly scattering medium completely dis-
rupting the wave-front information of the different OAM
beams. Such a scattering effect is random and disorderly.
Consequently, the role of different topological kernel com-
ponents to angular-momentum conversion is averaged in
such a stochastic process, which make the intensity curve
basically irrelevant to the topological charge.

Figures 3(e)–3(h) and 3(j) show the experimental results
for OAM-SAM conversion. The optical axis of the polar-
izer is preset to the horizontal direction corresponding to
the left circularly polarized component of the scattered
light. Figure 3(e) shows the intensity distribution of vortex

beam produced by SPP1 with � = 2. The intensity distri-
butions of scattered light before and after optimization are,
respectively, shown in Figs. 3(f) and 3(g). A bright green
spot appears in the target area after optimization. The asso-
ciated intensity growth curve is shown in Fig. 3(j). The
average intensity continuously increases and eventually
converges to a threshold value of 320. The enhancement
factor is about 40. The above experimental results prove
that the left circularly polarized component of the scat-
tered light in the target region is significantly optimized
and enhanced. In order to make the experimental results
more rigorous, the optical axis of the polarizer is slowly
adjusted to the vertical direction corresponding to the right
circularly polarized component. As the optical axis shifts,
the light spot in the target area gradually darkens and even-
tually becomes the speckle, as shown in Fig. 3(h). There is
almost no bright green spot in the target area, which proves
that the green spot obtained by the algorithm is almost the
pure left circularly polarized light with SAM = +�.

B. Conversion from SAM to SAM or OAM

The corresponding experimental setup for SAM-SAM
conversion is illustrated in Figs. 4(a) and 4(b). Figure 4(a)
is the state preparation of left circularly polarized light
with SAM = +�. The polarization of laser beam is firstly
changed to horizontal direction by the polarizer and then
adjusted to left circularly polarized light, which can be
achieved by using the QWP1 whose optical axis is 45°
with respect to horizontal direction. The modulation and
detection system for SAM-SAM conversion is shown in
Fig. 4(b). The SLM used in our experiment is only sen-
sitive to the transversely polarized component of light.
Therefore, the QWP2 before the SLM is used to con-
vert left circularly polarized light to transversely polarized
light, whose optical axis is 135° with respect to horizontal
direction. After modulating by SLM, the modulated trans-
versely polarized light changes back to phase-modulated
left circularly polarized light by passing through the QWP3
whose optical axis is 45° with respect to horizontal direc-
tion. This process is equivalent to spatial phase modulation
to the light with SAM. After the scattering medium, the
polarization state detection system is the same as the one in
OAM-SAM experiment. With the help of FBWS, the scat-
tered light is continuously optimized to the right circularly
polarized light.

In this experiment, the circular area with a radius of
20 pixels at the center of the sparkle pattern as the tar-
get area. We set the average light intensity of this circular
area as the objective function. Figures 5(a) and 5(b) show
the intensity distribution received on the CCD before and
after optimization, respectively. After 200 generations of
the optimization process, a clear green bright spot appears
in the target region. Such experimental results fit well with
the intensity curve shown in Fig. 5(d). The growth curve of
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(a) (b) (c)

FIG. 4. Experimental setup for conversion from SAM to SAM
or OAM. (a) The preparation of input SAM state with SAM =
+�. (b) The modulation and detection system for SAM-SAM
conversion. (c) The modulation and detection system for SAM-
OAM conversion. L1–L3, lens, f 1–3 = 100, 100, 200 mm. SPP,
spiral phase plate with � = −2. QWP1–4, quarter-wavelength
plate.

average light intensity maintains a steady overall growth
while having local fluctuations and eventually converges
to a threshold. The corresponding enhancement factor is
about 23. Then the optical axis of the polarizer is rotated to
the horizontal direction corresponding to the left circularly
polarized component. As shown in Fig. 5(c), the green
spot almost completely disappears, which indicates that the
polarization direction of the scattered light is reversed.

The last optical process being controlled in our
experiment is the spin-orbit interaction [58–61]. The

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 5. Experimental results for conversion from SAM to
SAM or OAM. (a)–(d), Experimental results for SAM-SAM con-
version. (a) The intensity distribution captured by CCD after
scattering medium. (b) The intensity distribution after 200 gen-
erations. (c) The intensity distribution after deflecting the optical
axis of the polarizer to the horizontal direction corresponding
to the left circularly polarized light. (d) The curve of intensity
varying with the increasing of generations in SAM-SAM con-
version. The light intensity finally reaches the value of 230 and
the enhance factor is about 23. (e)–(h), Experimental results for
SAM-OAM conversion. (e) Intensity distribution after scatter-
ing medium. (f) Intensity distribution after 200 generations of
algorithm optimization. (g) Intensity distribution after deflecting
the optical axis of the polarizer to the horizontal direction. The
red circle indicates the target area to be optimized marked by the
calibration. (h) The curve of intensity varying with the increas-
ing of generations in SAM-OAM conversion. A typical intensity
value is 91 after 200 generations and the enhance factor is about
13.

corresponding experimental setup is shown in Figs. 4(a)
and 4(c). The input light is regulated to a left circularly
polarized light and the output target light is a right circu-
larly polarized vortex beam with a topological charge � =
2. The detection system shown in Fig. 4(c) achieves the
detection of both polarization and OAM states. The SPP
(� = −2) and L3 are combined to detect the OAM compo-
nent of beam while the QWP4 and polarizer detect the right
circularly polarization. In the process of OAM detection,
calibration process is also required to determine the opti-
mization target area, which is provided in the Appendix. In
the experiment, we keep the SPP with topological charge
of −2 and select light intensity of central target area as the
feedback signal. Under such circumstances, the component
of the scattered light carries both −� SAM and 2� OAM
is continuously enhanced.

The experimental results of SAM-OAM are shown in
Figs. 5(e)–5(h). After the calibration process and deter-
mining the target area, we add the scattering medium to
the light path and the scattered spot pattern is shown in
Fig. 5(e). The optimization result is shown in Fig. 5(f) after
200 generations of genetic algorithm optimization. The
light intensity in the target area corresponding to the right
circularly polarized light has been significantly enhanced.
Then we adjust the polarizer to the horizontal direction and
the intensity distribution of light is shown in Fig. 5(g),
in which the original bright green spot disappears. After
active optimization and control of the scattering system,
the scattered light is almost modulated into a right circu-
larly polarized vortex light with 2� OAM. Figure 5(h) is
the curve of intensity varying with increasing of gener-
ations in SAM-OAM conversion. The intensity of target
region obtains a relatively stable and continuous enhance-
ment as the optimization process progresses. The corre-
sponding enhancement factor is about 16. At the end of
the optimization process, the growth rate of light inten-
sity slows down significantly and the entire curve has
obviously converged.

IV. DISCUSSION AND CONCLUSION

In SAM conversion experiment, we set the optimization
target as pure polarized light in a local area rather than the
overall polarization state of scattered light. In the practical
application of using angular momentum as optical infor-
mation carrier, it is common to modulate the polarization
state of the beam in one channel. Therefore, it is more real-
istic to coherently regulate the polarization state of scat-
tered light in a local region instead of the entire scattering
plane. It is also indicated that the regulation of polarized
light is not limited by the location of the target area and
can be achieved in any channel. The coherently control of
angular-momentum conversion of light by scattering sys-
tem has useful applications prospects in the practical clas-
sical and quantum optical communication field. Compared
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to previous elements, the angular-momentum conversion
realized here has more flexible conversion directions, and
is independent of precise geometry structure. These advan-
tages originate from the full utilization of the disordered
internal structure of scattering medium and the powerful
coherent control of FBWS. Commonly, the information
exchange between SAM and OAM in the complex envi-
ronment will be severely limited by the scattering effect.
Therefore, the method proposed here also effectively sup-
presses the negative effect of scattering on optical infor-
mation exchange, which contributes to the development
of high-dimensional optical information exchange in com-
plex circumstance and non-line-of-sight high-dimensional
optical communication [62] based on angular momentum.

The energy-conversion efficiency in our experiment is
determined by measuring the power of the incident light
and the target light. The typical conversion effect is about
2%. In our experiment, we use strongly scattering medium
to simulate the scattering environment encountered. There-
fore, the conversion efficiency is relatively low. Here, we
just want to show that the method we propose is also
feasible in such complex environment. In fact, such con-
version efficiency can be improved by reducing the scat-
tering intensity or the thickness of the scattering medium.
Another issue is the sensitivity of our scattering system
to lateral perturbation of the SM, which is estimated by
the transmission matrix correlation theory called the gen-
eralized optical memory effect [63]. When the incident
light reaching the scattering medium is tilted or laterally
perturbed within a certain range, the scattering pattern
remains constant except for tilting or having a laterally
perturbation. The correlation function, which represents
the correlation of the speckle pattern before and after the
perturbation, is given by

C(�r,�k) = exp
(

−L3k2
0

2�tr

[
�k2

3k2
0

− �k ·�r
k0L

+ �r2

L2

])
,

(3)

where L is the thickness of SM, �tr is the transport mean
free path, �k represents the changes in the direction of
the wave vector, and �r represents the lateral perturba-
tion. In our experiment, L is 100 µm. As a simple estimate,
�tr is shorter than L in consideration of the strong scatter-
ing effect of SM. Without considering the change in the
direction (�k = 0), the range of lateral perturbation dis-
tance that keeps the correlation function larger than 1/e is
�r ≤ √

2�tr/L�λ/2π ≤ √
2λ/2π = 0.12 μm. Therefore,

our scattering system is sensitive to the lateral perturbation.
In the practical applications of angular momentum in

optical communications, the multiple input OAM states
is necessary. Therefore, we implement the experiment of
multiple OAM states’ conversion by scattering. The details
of the experiment are provided in Appendix B. We obtain
significant optimization results, which demonstrate that

our scattering system is valid to the conversion of multiple
angular-momentum states.

We report the active control of interconversion of spin
and orbital angular momentum of light by a scattering sys-
tem with the help of FBWS. We explain theoretically how
the angular-momentum conversion is controlled by FBWS
in a scattering system. After hundreds of generations of
optimization by FBWS, significant optimization results are
obtained for each conversion process, which prove that the
angular-momentum conversion by a scattering system is
tunable and controllable. Besides, with the help of FBWS,
the scattering system has the potential to become an alter-
native angular-momentum conversion element, which can
effectively break through the limitations of previous ele-
ments including restricted conversion functions and highly
demanding geometric structures. It also paves the way for
the classical and quantum optical communication espe-
cially under complex environments where the scattering
effect commonly destroys the optical information. More-
over, we realize the coupling control of not only one
single degree of freedom but also different degrees of
freedom in scattering medium. This kind of heteroge-
neous degree of freedom coupling can directly establish
high-dimensional freedom optical channel conversion in a
complex environment.
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APPENDIX A: CALIBRATION PROCESS TO
DETECT OAM

The OAM detecting system consists of SPP2, L3 and
CCD. The calibration process in OAM-OAM conversion
based on the interaction of vortex beam with SPP is
shown in Fig. 6. From top to bottom are the processes of
incident vortex beams with different topological charges.
We use SLM to change topological charge of the light
entering the detection system. The first column images
show the intensity distribution of the vortex beam car-
rying OAM with � = 4, 6, 8, 10 in the absence of SPP2.
The other five images on the right are the far-field diffrac-
tion images when the OAM beam, respectively, passes
through SPP2 with different topological charges. It is obvi-
ous that the phase singularity at the center of the vortex
beam changes after passing through SPP2. Only when the
topological charge of the incident beam and SPP2 match
(�OAM = −�SPP) each other, the phase singularity gets
replaced by a bright spot. This property has been widely
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(a)

(b)

(c)

(d)

FIG. 6. Calibration processes of OAM-OAM conversion.
(a)–(d) The calibration processes corresponding to different vor-
tex beams with � = 4, 6, 8, 10 from top to bottom. The first
column of the images is the intensity distribution of vortex beam
produced by SLM. The right five images are far-field diffrac-
tion patterns of vortex beam passing through SPP2 with different
topological charges.

used in the detection of orbital angular momentum [57].
The region covered by the bright spot is the target region
in the optimization algorithm.

Figure 7 shows the calibration in SAM-OAM conver-
sion. Figure 7(a) shows the intensity distribution of the
vortex beam with � = 2 produced by SLM. After adding
SPP with different topological charges from −1 to −4,
the intensity patterns on the CCD are shown in Figs.
7(b)–7(e), respectively. The target region for the optimiza-
tion algorithm can then be determined from the variation
of the phase singularity.

APPENDIX B: CONVERSION BETWEEN
MULTIPLE OAM STATES

The preset experimental target is the conversion from
the multiple OAM states with � = 4 and � = 6 to different
multiple OAM states with � = 2 and � = 8. The corre-
sponding experimental setup and results are illustrated in

(a) (b) (c) (d) (e)

FIG. 7. Calibration process of SAM-OAM conversion. (a) The
intensity distribution of vortex beam with � = 2 produced by
SLM. (b)–(e) The far-field diffraction patterns after passing
through SPP with different � from −1 to −4.

(d1) (d2) (d3)

(e1) (e2) (e3)

(f1) (f2) (f3)

(a) (b) (c)

FIG. 8. Experimental setup and results for multiple OAM con-
version. (a) The preparation of input light with multiple OAM
states. (b) The modulation and detection system for multiple
OAM conversion. SPP1–4, spiral phase plate with �= 4, 6, −2,
−8, respectively. (c) The intensity curves of target region with
generations increasing corresponding to the conversions from
multiple OAM states with � =

(
1/

√
2
)
(|4〉 + |6〉) to individ-

ual single OAM state with � = 2 or � = 8. The two dashed
lines are the intensity of the target region obtained in the mul-
tiple OAM states conversion. (d)–(f) The experimental results
of the conversion from � =

(
1/

√
2
)
(|4〉 + |6〉) to � = 2, � = 8,

and � =
(

1/
√

2
)
(|2〉 + |8〉), respectively. (d1), (e1) and (f1)

are the phase masks loaded to the SLM. (d2)–(d3), (e2)–(e3)
and (f2)–(f3) are the intensity distribution on CCD1 and CCD2,
respectively. The red circles mark the target regions.

Fig. 8. Figure 8(a) is the preparation of input multiple
OAM states. The laser beam is split into two beams by BS.
The two beams pass through different spiral phase plates
SPP1 (� = 4) and SPP2 (� = 6) to obtain different OAM
and form multiple OAM states by another BS. Figure 8(b)
is the setup for modulation and detection of OAM after
scattering. The scattering light is collected by L2 and then
split into two beams. Each of them passes through the same
detection system, consisting of SPP, lens, and CCD, where
SPP3 has � = −2 and SPP4 has � = −8. The principle of
these devices is explained above.

The conversion between multiple OAM states is demon-
strated by two processes. Firstly, the computer connects to
CCD1 and CCD2, respectively, to realize two individual
optimizations corresponding to conversion from multi-
ple OAM states � =

(
1/

√
2
)
(|4〉 + |6〉) to single OAM

state with � = 2 or � = 8. Each optimization has 200
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generations and the target region on each CCD is deter-
mined by the calibration process. Figure 8(c) is the corre-
sponding intensity curves of target region with changing
of generations. The intensity keeps growing and even-
tually reaches convergence as the generation increases.
The enhancement factor η reaches the value of 18 after
200 generations. Figures 8(d) and 8(e) are the experi-
mental results of multiple-single OAM conversion with
� = 2 and � = 8, respectively. Figures (d1) and (e1) are the
phase masks after optimization loaded to the SLM. Figures
8(d2)–8(d3) and 8(e2)–8(e3) are the intensity distribution
on CCD1 (� = 2) and CCD2 (� = 8), respectively. The
red circles mark the target regions. It is obvious that in
multiple-single OAM conversion, the optimized beam car-
ries OAM with only one topological charge. Secondly,
phase masks shown in Figs. 8(d1) and 8(e1) are used as
the parents to generate new masks to realize multiple-
multiple OAM conversion from � =

(
1/

√
2
)
(|4〉 + |6〉)

to � =
(

1/
√

2
)
(|2〉 + |8〉). We load the new masks to

SLM and filter out the best experimental results, which
are illustrated in Figs. 8(f1)–8(f3). Figure 8(f1) is the
filtered alternative phase mask and Figs. 8(f2)–8(f3) indi-
cate that the optimized beam carries multiple OAM states
with � =

(
1/

√
2
)
(|2〉 + |8〉). We want to point out that

the light intensity in the red circle still exists when we
block either of the incident OAM states. Compared to
multiple-single OAM state conversion, the intensities of
components with different OAM are both decreased. The
corresponding intensities are illustrated in Fig. 8(c) as the
two dashed lines. The enhancement factor η is reduced to
the value of 13.
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