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Spatial structure of a light beam is an important degree of freedom to be extensively explored. By designing
simple configurations with phase-only spatial light modulators (SLMs), we show the ability to arbitrarily
manipulate the spatial full field information (i.e. amplitude and phase) of a light beam. Using this approach
to facilitating arbitrary and independent control of spatial amplitude and phase, one can flexibly generate
different special kinds of light beams for different specific applications. Multiple collinear orbital angular
momentum (OAM) beams, Laguerre-Gaussian (LG) beams, and Bessel beams, having both spatial
amplitude and phase distributions, are successfully generated in the experiments. Some arbitrary beams
with odd-shaped intensity are also generated in the experiments.

S
patial light modulators (SLMs) are widely used as diffractive optical elements (DOEs) in optical systems to
facilitate flexible control of light beams. In diffractive techniques, specific pattern is written onto the SLMby
a computer, and the input spatial light is modulated by the relevant pattern. Thus, it is a simple and

convenient approach to control the spatial light by using the SLMs. Novel applications of SLMs in different areas
have been proposed, such as diffractive optics1, optical metrology2, programmable adaptive optics3, laser pulse
shaping4, real world 3-D holographic projection systems5, optical tweezers6, optical information processing7,
polarization control8,9, vector beams generation10,11 and orbital angularmomentum (OAM) communications12–14.

OAM beam is a helically phased beam comprising an azimuthal phase term exp(ilQ), possessing an OAM of l"
per photon, where l is referred to topological charge and Q is the azimuthal angle15–17. In 2004, G. Gibson et al.
experimentally demonstrated the transfer of information encoded as OAM states of a light beam by loading the
computer-controlled phase hologram onto the SLM18. Recently, in OAM based optical communication systems,
phase-only SLMs are widely used as the key devices for generating different states of OAM beams to increase the
communication capacity and spectral efficiency12–14.

Remarkably, most of the SLMs employed in the experiments are phase-only elements, which aremainly used to
shape the spatial phase distribution of the light beam directly without touching the amplitude distribution. So it is
not straightforward to fully control the light beam by a single phase-only SLM in general. However, full field (i.e.
amplitude and phase) control is always highly desirable in order to generate different types of light beams with
special properties. In this scenario, a laudable goal would be to develop novel schemes or configurations to
arbitrarily manipulate both the spatial amplitude and phase of the incoming light beam. So far, some previous
works dealing with the manipulation of phase and amplitude have been reported with impressive perform-
ance19–25. One technique is to make use of a modified hologram by modulating the phase height of the grating
programmed into the hologram19–22. Actually, the amplitude at any point in a plane can be controlled by adjusting
the efficiency of the blazing in the corresponding region of the hologram. One can simply impose the desired
intensity of the beamwith somemodifications to account for themapping of phase height to diffraction efficiency
to produce the hologram. The other technique is based upon two cascaded holograms, arranged in an optical 2-f
setup, where the first hologram is designed to create the desired amplitude in the plane of the second hologram
which further imprints the desired phase23–25. A couple of so-called phase retrieval algorithms, such as Gerchberg-
Saxton algorithm26, can be utilized to introduce the desired amplitude modulation as exactly as possible in the
Fourier plane of the first hologram (i.e. plane of the second hologram). The amplitude modulation is achieved by
shaping only the phase with the first hologram, relying on propagation and interference to form the amplitude.

In this paper, we propose an alternative simplemethod to arbitrarilymanipulate the amplitude and phase of the
incoming light beam with two phase-only SLMs without using any phase iterative algorithm. By using this
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method, we show the successful generation of multiple collinear
OAM beams, Laguerre-Gaussian (LG) beams, Bessel beams, and
some arbitrary beams with odd-shaped intensity in the experiments.

Results
Concept and principle.The concept and principle of arbitrarymani-
pulation of amplitude and phase of a light beam with two cascaded
SLMs is illustrated in Fig. 1. We set the polarization direction of the
input light A0 45u with respect to the x direction. The working
direction of polarization-dependent SLM1 is x direction with a
phase distribution Q1(x, y). After the SLM1, the light is half

modulated, with the x direction distribution
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After the polarizer, the light comes through the SLM2with a phase
distribution Q2(x, y). The working direction of polarization-depend-
ent SLM2 keeps the same as the light polarization after the polarizer,
which is actually enabled by adjusting the light polarization after the
polarizer via a half-wave plate placed between the polarizer and
SLM2. So the electrical field of light after the SLM2 becomes

E(x,y)~
1
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~A0 cos (
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From Eq. (2), one can easily find that the amplitude distribution is
determined by Q1(x, y), and the phase distribution is determined by
1

2
Q1(x,y)zQ2(x,y). So, by changing the phase distribution patterns

written onto the SLM1 and SLM2, we can manipulate the amplitude
and phase independently at the same time. By using this method, we
can arbitrarily generate different types of light beams as desired, such

as multiple collinear OAM beams, LG beams, Bessel beams and so
on.

Experimental setup. The key elements in the experimental setup are
two phase-only SLMs. Considering the fact that the phase and
amplitude might change upon propagation between the two SLMs,
we add lenses between the two SLMs and develop two imaging
systems with unit magnification, as shown in Fig. 2. The added
lenses in the imaging systems facilitate the cancellation of spurious
phase delays caused by the propagation between two SLMs.
As shown in Fig. 2(a), System A is a one-lens imaging system. The

distance between the two SLMs is 600 mm. The focal length f of the
lens is 150 mm. The one-lens imaging system images the plane of
SLM1 to that of SLM2with unitmagnification. The one-lens imaging
system (System A) can retrieve both amplitude and phase informa-
tion of SLM1 plane at the position of SLM2 plane, although an addi-

tional radial phase distribution exp i
k

2f
x2zy2
� �

� �

is introduced.

As shown in Fig. 2(b), SystemB is a well-known 4f systemwith two
lenses placed between the two SLMs at equal spacing of focus length f.
The distance between the two SLMs is also 600 mm and the focal
length f of the two lenses is 150 mm. The 4f system also images the
plane of SLM 1 to that of SLM 2 with unit magnification. In particu-
lar, no additional radial phase distribution as in System A is intro-
duced in System B, i.e. almost perfect imaging from the SLM1 plane
to the SLM2 plane is obtained.
In both SystemA and System B, the light comes from a laser with a

wavelength of 1550 nm, and collimated by a collimator. The colli-
mated light beam passes through the polarizer (Pol1) and half-wave
plate (HWP1). The Pol1 and HWP1 are used to change the polar-
ization of the input light 45u deviation from the working direction of
the SLM1, which makes the input light partly modulated. And then,
we adjust Pol2 to align its polarization direction 45u with respect to
the working direction of the SLM1 and rotate HWP2 to make the
polarization of the light in agreement with the working direction of
the SLM2. The imaging systems (System A, System B) image the
plane of SLM1 to that of SLM2, removing the unwanted phase dis-
tribution due to propagation from SLM1 to SLM2. As a consequence,
the amplitude and phase of the light are modulated by the two phase
patterns written onto the SLMs. At last, we use a camera to capture
the intensity distribution of the output light beam.

Generation of multiple collinear OAM beams. We first demon-
strate the generation of multiple collinear OAM beams. The
experimental results are shown in Fig. 3. We generate three groups

Figure 1 | Concept and principle of arbitrary full-field (i.e. amplitude and phase) manipulation of a light beam with two phase-only SLMs.
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of multiple collinear OAM beams, OAM13,16,19,112 (i.e. super-
imposed multiple collinear OAM beams containing OAM modes
with topological charges of l 5 13, 16, 19 and 112),
OAM15,110,115,120 and OAM13,19,115,121. The intensity profiles
of the generated multiple collinear OAM beams are shown in
Fig. 3(a). The first line is the theoretical results for comparison.
The second line shows the measured intensity profiles after the
amplitude and phase modulations of two SLMs by the imaging
System A, and the third line shows the measured intensity profiles
by the imaging System B. One can see that both of the two imaging
systems generate multiple collinear OAM beams with dark spot
appearing at the center of the intensity profiles. The obtained experi-
mental results are in agreement with the theory as expected. Shown
in Fig. 3(b) are typical two phase patterns loaded onto SLM1 and
SLM2 to generate three collinear OAM beams of OAM15,110,115,120.
In order to identify the states of the generated multiple collinear

OAM beams, we use another SLM loading a series of spiral phase
patterns (e.g. from l 5 21 to l 5 225) to demodulate each OAM
state, respectively. When one of the generated OAM beams (e.g. l5
15) meets its inverted spiral phase pattern (e.g. l525), the helical
phase front of the OAM beam will be removed, resulting in the
demodulation from an OAM beam to a Gaussian-like beam with a
planar phase front. In contrast, another spiral phase pattern (e.g. l5
22), used to demodulate none generated OAM beam (e.g. l 512),
only changes the topological charge of the generatedOAMbeam (e.g.
from l515 to l513) which still has a helical phase front. Owing to
the central phase singularity of helical phase front, OAM beam fea-
tures a doughnut shape intensity profile with no intensity at the
center, while the demodulated Gaussian-like beam (planar phase
front) from a particular OAM beam has a central bright high-intens-
ity spot. Consequently, it is possible to determine a particular OAM
beam from its demodulated Gaussian-like beam (bright central spot)
by employing a specific spiral phase pattern with an inverted topo-

logical charge. In Fig. 4, we show the demodulated intensity profiles
of OAM15,110,115,120 for the two imaging systems. We find that the
demodulated intensity profiles for l515,110,115 and120 have
bright spots at the center as shown in the first line. Other demodu-
lated intensity profiles using spiral phase patterns for none generated
OAM states (l 5 12, 17, 112 and 117) have no intensity at the
center, which are shown in the second line.

Generation of LG beams. We then generate a series of pure LG
beams and their superposition by the two phase-only SLMs. LG
beams are the most common beams carrying OAM, which also
have amplitude distributions. In an LGpl beam, l is the azimuthal
index giving an OAM distribution, and p is the number of radial
nodes in the intensity distribution. By calculating the theoretical
electrical field of target LG beam, we can get the amplitude and
phase distribution. Through Eq. (2), we can calculate the corre-
sponding phase patterns Q1(x, y) and Q2(x, y), which are loaded
onto the two SLMs. The theoretical and experimental results for
the two imaging systems are shown in Fig. 5(a). We also generate
the superposition of LG05 and LG0-5. It can be seen that there are ten
bright spots in the experimental results in both of the two imaging
systems, which are in agreement with theory. The obtained results
shown in Fig. 5(a) indicate the feasibility of arbitrarymanipulation of
amplitude and phase using the proposed approaches. Shown in
Fig. 5(b) are the phase patterns loaded onto SLM1 and SLM2 for
generating the superposition of LG05 and LG0-5.

Generation of Bessel beams. By using the two phase-only SLMs, we
then generate Bessel beams by the two imaging systems. Bessel beam
is normally known as the non-diffraction beam, which propagates in
free space without any spreading. Zero-order Bessel beam has a
central bright spot, whereas high-order Bessel beams have a central
dark region. In particular, higher-order Bessel beams are OAM-
carriers. These higher-order Bessel beams propagate and maintain

Figure 2 | Experimental setup. (a) One-lens imaging system (System A). (b) 4f system (System B). Col: collimator, Pol: polarizer, HWP: half-wave plate,

SLM: spatial light modulator.
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their cross-sectional form over a finite distance27–29. Moreover, they
can reconstruct after encountering an obstacle30–32. Exploiting these
properties of Bessel beamsmaymake them useful in the field of long-
range free-space communication systems.
We calculate the desired phase patterns for generating three Bessel

beams, l 5 0, 11 and 13. The experimental results are shown in
Fig. 6. The first line of Fig. 6(a) is the theoretical results. The second
and third lines of Fig. 6(a) are the measured intensity profiles of the
generated Bessel beams.One can see that the center of the zero-order
Bessel beam (l 5 0) exists a bright spot, whereas high-order Bessel
beams (l511,13) have a central dark region.We can also find that
the central dark region of the high-order Bessel beam becomes larger
with the increase of the topological charge, which is consistent with
the theory. In order to identify the phase distribution of the generated
Bessel beams, we measure the interferograms, i.e. the interference
between generated Bessel beams and a Gaussian beam reference.
Because of the phase singularity, a dislocated interference fringe is
observed when a Bessel beam and a Gaussian beam interfere with a
small angle. The obtained results are shown in Fig. 6(b). One can
clearly see that the experimental results are in good agreement with

theoretical ones. Fig. 6(c) shows the phase patterns loaded onto
SLM1 and SLM2 for generating the Bessel beam with l 5 13.

Generation of arbitrary beams with odd-shaped intensity. Finally,
in order to show the arbitrary manipulation of spatial amplitude, we
employ two phase-only SLMs to generate arbitrary beams with odd-
shaped intensity using the 4f system (System B). The experimental
results are shown in Fig. 7. The first line of Fig. 7 is the desired odd-
shaped intensity of different light beams. The second and third lines
of Fig. 7 are the designed phase patterns loaded onto SLM1 and
SLM2, respectively. The observed experimental results are shown
in the last line. It can be clearly seen that the experimental results
are almost the same as the desired ones. The obtained results indicate
that one can arbitrarily manipulate the spatial amplitude of incident
light beams using the proposed approaches.

Discussion
In conclusion, we present a simple and efficient method for arbitrar-
ily manipulating the amplitude and phase of a light beam indepen-
dently with two phase-only SLMs. We demonstrate the successful

Figure 3 | Theoretical and experimental results for the generation of multiple collinear OAM beams. (a) Intensity profiles of the generated multiple

collinear OAM beams (OAM13,16,19,112, OAM15,110,115,120 and OAM13,19,115,121). (b) Phase patterns loaded onto SLM1 and SLM2 for generating

OAM15,110,115,120.

Figure 4 | Measured demodulated intensity profiles of OAM15,110,115,120 by the two imaging systems (System A, System B).
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generation of multiple collinear OAM beams, LG beams and Bessel
beams in the experiments. We also compare the experimental results
with the theory. By using this method, it might be possible to arbit-
rarily generate different special light beams for specific applications.
This flexible approach to enabling arbitrary full-field (i.e. amplitude
and phase) control of light beams may open a door to facilitate more
applications in free-space optical communications.
Remarkably, we use two SLMs to perform the manipulation of

amplitude and phase. For the original idea, the second SLM should
be placed right after the first SLM, i.e. no distance between the two
SLMs, which is however impossible in practical operations as addi-
tional polarizer and half-wave plate need to be placed between the
two SLMs. So it is unavoidable to separate the two SLMs with a
distance which might cause unwanted phase distributions. Hence,
it is critical to remove the influence from the spurious phase delays
upon propagation between the two SLMs, which could be enabled by
lenses in well-established imaging systems. Such phenomena can be
explained and theoretically analyzed as follows for the two employed

imaging systems (System A, System B) based on Fourier optics (sca-
lar diffraction theory, Fresnel diffraction integral, phase transforma-
tion of lens)33.
For the one-lens imaging system (System A), as illustrated in

Fig. 8(a), we assume the input light from SLM1 to be A(f, g).
Coming out of the SLM1, the light passes through the lens f, and is
focused by the lens. We can get the light distribution Uf(u, v) at the
lens focus plane expressed by

Uf u,vð Þ~
exp {j k

2f
u2zv2ð Þ

h i

jlf

|

ðð

A j,gð Þ exp {j
2p

lf
juzgvð Þ

� �

djdg

ð3Þ

After that, the light propagates distance f and arrives at SLM2. So
the light distribution U(x,y) becomes

Figure 5 | (a) Theoretical and experimental results for the generation of LG beams and their superposition (LG02, LG10, LG12, LG20, LG22, LG051 LG0-5)

by the two imaging systems. (b) Phase patterns loaded onto SLM1 and SLM2 for generating the superposition of LG05 and LG0-5.

Figure 6 | (a) Theoretical and experimental results for the generation of Bessel beams (l5 0,11 and13). (b) Theoretical and experimental results of the

interferogramswhen a Bessel beam and aGaussian beam interfere with a small angle. (c) Phase patterns loaded onto SLM1 and SLM2 for generating Bessel

beam with l 5 13.
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From Eq. (4), it is found that the one-lens imaging system images
the plane of SLM1 to that of SLM2 with unit magnification (inverted
image), i.e. such imaging system can retrieve both amplitude and
phase information of SLM1 plane at the position of SLM2 plane.
Moreover, it is noted that an additional radial phase distribution

exp i
k

2f
x2zy2
� �

� �

is introduced as a separable term in the image

at the SLM2plane. Such radial phase distribution does not impact the
successful generation of desired beamwith both amplitude and phase
manipulation, while might influence the propagation property of the
generated beam. Remarkably, one can remove such radial phase

distribution by updating the phase pattern loaded onto the SLM2,
i.e. adding an extra inverted radial phase distribution to SLM2.
Another option to remove the unwanted radial phase distribution

in System A is to employ a well-known 4f system. As depicted in
Fig. 8(b), for the 4f system (System B), we can also use theories in
Fourier optics to analyze the imaging characteristics. The two lenses
in the 4f system both perform the Fourier transform. Firstly, the light
comes through the first lens and is focused by the lens. It is an exact
Fourier transform relationship between the SLM1 plane and the focal
plane of the first lens. So the light distribution Uf(u, v) at the focal
plane of the first lens can be expressed by

Uf u,vð Þ~
ðð

A j,gð Þ exp {j
2p

lf
juzgvð Þ

� �

djdg ð5Þ

Then the light passes through the second lens which performs
another Fourier transform. It is also an exact Fourier transform
relationship between the focal plane of the first lens and the focal
plane of the second lens. So the light distribution U(x, y) at the focal
plane of the second lens can be written by

U x,yð Þ~
ðð

Uf u,vð Þ exp {j
2p

lf
xuzyvð Þ

� �

dudv ð6Þ

Substituting Eq. (5) into (6), we can get

U x,yð Þ~
ðð ðð

A j,gð Þ exp {j
2p

lf
juzgvð Þ

� �

djdg exp {j
2p

lf
xuzyvð Þ

� �

dudv

~A {x,{yð Þ
ð7Þ

From Eq. (7), one can clearly see that the 4f system also images the
plane of SLM1 to that of SLM2 with unit magnification (inverted
image). In particular, no additional radial phase distribution as in
System A is introduced in System B. Hence, almost perfect imaging
from the SLM1 plane to the SLM2 plane is achievable.
Remarkably, one may still observe some distortions in the experi-

mental results compared to theories. Such phenomena might be
further explained as follows.

1) The incident light to the SLM1 is actually not perfect plane
wave, which is different from the assumption.

2) In practical configurations of System A (one-lens imaging sys-
tem) and System B (4f system), the distance between the two
SLMs might not be exactly the same as designed, which could
induce unwanted phase distribution.

3) The lenses in the configurations might not be placed at precise
positions as expected causing possible deviation of phase dis-
tribution.

4) Slight deviation from perfect light path alignment (e.g. offset
from the center of SLMs and lenses) might introduce
unwanted aberration.

5) The lenses used in the experiment might have slight deviation
from desired perfect curvature.

6) The SLMs employed in the experiment might suffer slight
imperfect phase modulation calibration (e.g. over/under phase
modulation of 2p), nonideal phase modulation characteristics
(e.g. nonlinear phase response), and deviation from perfect
flatness (e.g. surface curvature).

7) The non-unity efficiency of SLMs cause non-pure contribution
from the zero-order non-diffracted light, which might degrade
the purity of the generated beams.

With future improvement, the performance degradation due to
those possible imperfections of incident light beam, light path align-
ment, phase and flatness calibration might be compensated by care-
fully designing the phase patterns loaded onto SLM1 and SLM2. For

Figure 7 | Experimental results for the generation of arbitrary beams
with odd-shaped intensity.

Figure 8 | Imaging illustration of (a) System A and (b) System B.
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the performance degradation due to non-unity efficiency, SLMs with
higher light utilization efficiency are preferred to improve the purity
of generated beams. Using SLMs in the diffractive mode to remove
the non-pure contribution from the zero-order light could be an
alternative way to effectively improve the purity of generated beams.
In order to fully characterize the purity of the generated different
kinds of beams with both amplitude and phase modulation, accurate
measurements of generated beams would be considered using wave-
front sensors. Additionally, adaptive optics could be also considered
to compensate the aforementioned imperfections and further effec-
tively improve the operation performance.

Method
Devices in the experimental setup. The two SLMs we used in the experiments are
both Holoeye PLUTO phase-only SLMs based on reflective LCOS microdisplays.
These SLMs have a spatial resolution of 19203 1080 pixels and a pixel size of 8 mm.
The illumination angle of the SLMs is about 7.2u. The resolution of the phase patterns
prepared and displayed on the SLMs is 10803 1080 pixels (square shape). The phase
patterns are set at the center of the SLMs. The camera used in the experiment is a
HAMAMATSU InGaAs camera.

Phase pattern generation. Here, we take the generation of multiple collinear OAM
beams as an example to illustrate the method. For multiple collinear OAM beams
with topological charges {l1, l2, …,ln}, normally the electrical field can be described as
follows

E(x,y)~A0½exp (il1Q(x,y))z:::

z exp (ilnQ(x,y))�
~A0B(x,y) exp (iW(x,y))

ð8Þ

where A0 is the amplitude of each OAM beam, B(x, y) is the normalized amplitude
distribution, and W(x, y) is the phase distribution. From Eq. (8), one can clearly see
that the electrical field of multiple collinear OAM beams is a complex form, including
both phase and amplitude distributions. Because of the spatially-variant amplitude
distribution B(x, y), the target multiple collinear OAM beams, in principle, cannot be
realized by the traditional method using a single phase-only element.

By comparing Eq. (8) with Eq. (2), we can calculate following desired phase pat-
terns

Q1(x,y)~2 arccos (B(x,y)) ð9Þ

Q2(x,y)~W(x,y){
1

2
Q1(x,y) ð10Þ

Thus, we can load Q1(x, y) and Q2(x, y) onto SLM1 and SLM2 to generate multiple
collinear OAM beams.

For generating LG beams and Bessel beams, similar methods can be used to
calculate the required phase patterns Q1(x, y) and Q2(x, y).We can write these patterns
onto the corresponding SLMs to generate different beams. As a consequence, we can
use two phase-only SLMs to realize arbitrary full field control (i.e. amplitude and
phase manipulation) of a light beam. It could be a convenient and flexible way to
arbitrarily generate different kinds of light beam with specific properties.
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