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Abstract: The twisted Laguerre—Gaussian Schell-model (TLGSM) beam is a novel type of partially
coherent beam embedded with both the second-order twist phase and the classical vortex phase. The
intriguing properties induced by the interaction of the two types of phases have been demonstrated
theoretically quite recently. In this work, we introduce a flexible way to experimentally synthesize
a TLGSM beam with controllable twist strength. The protocol relies on the discrete pseudo-mode
representation for the cross-spectral density of a TLGSM beam, in which the beam is viewed as an in-
coherent superposition of a finite number of spatially coherent modes. We show that all these pseudo
modes endowed with random phases are mutually uncorrelated and can be encoded into a single
frame of a dynamic computer-generated hologram. By sequentially displaying dynamic holograms
on a single spatial-light modulator, the controllable TLGSM beam can be synthesized experimentally.
The joint effect of the two phases on the propagation and self-reconstruction characteristics of the
synthesized beam has also been studied in the experiment.

Keywords: TLGSM beam; partially coherent beam; twist phase; vortex phase; pseudo mode;
propagation; self-reconstruction

1. Introduction

Spatial optical coherence, which is characterized by the spatial degree of coherence
(DOC) function between two spatial points of a light field, can be regarded as an efficient
degree of freedom to manipulate the statistical properties of light fields during propagation
and light-matter interactions [1-3]. In recent years, the non-trivial phase of the spatial
DOC function of partially coherent sources has received considerable attention [4-11]. By
elaborately tailoring the phase of spatial coherence, partially coherent beams can exhibit
distinguished propagation properties (compared to the classical Gaussian Schell-model
beams), such as self-acceleration, self-focusing, self-steering, and self-reconstruction prop-
erties, which have promising applications in super-resolution imaging, optical encryption,
micromanipulation, and image transmission [12-18].

Among all various forms of phases partially coherent beams have been endowed
with, the vortex phase [19] and the twist phase [20-24] have attracted continual attention
due to their peculiar properties and applications. A beam carrying the vortex phase is
associated with the orbital angular momentum (OAM) state denoted as exp(il¢), where
I is the topological charge and ¢ is the angular coordinate [25]. As OAM states with
different topological charges are mutually orthogonal, they can form infinite dimensions
in the Hilbert space [26]. Thus, the vortex phase can be used as an additional degree of
freedom to improve the information capacity of optical communication systems [27,28]. In
recent years, its application has been extended to microscopy [29,30], optical trapping [31],
detection of spinning objects [32], defect detection in conventional nano-structures [33], and
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artificial spin ice systems [34]. The twist phase differs completely from the conventional
phases carried by a fully coherent beam. It is a quartic inseparable phase that depends
on two spatial points and can only survive for a partially coherent beam [20]. Recently,
it has been demonstrated that a partially coherent beam embedded with a twist phase
leads to a new kind of classical entanglement that can be applied to quantum information
processing through the turbulent atmosphere [35,36]. Such a second-order twist phase
also endows partially coherent beams with the OAM, which is responsible for the beam
spot rotation during propagation [37,38]. The effect of these two different phases has been
studied separately in the field of partially coherent beams. In 2018, we first introduced
a partially coherent beam named the twisted Laguerre-Gaussian Schell-model (TLGSM)
beam, which carries both the twist phase and the vortex phase [39]. It has been found
that the combination of the two phases can bring about the nonlinear coupling term
for the OAM density, which can greatly increase the amount of OAM for the beam. In
addition, we found theoretically that the handedness of the vortex phase and the twist
phase affects the propagation and self-reconstruction characteristics of the beam [40]. It is
remarkable that the opposite handedness between two phases can enhance the side rings
of the spatial distribution for the spatial DOC in the far field, which provides an efficient
way to determine the topological charges of the vortex phase carried by the partially
coherent beam.

Here, we focus on the experimental generation of a TLGSM beam and demonstration of
the combination effect of two phases. It was a challenging task to experimentally implement
a partially coherent source endowed with a twist phase since the first introduction of this
phase model. To the best of our knowledge, over the past 30 years, only Friberg and
coauthors have reported the transformation of an anisotropic Gaussian Schell-model beam
into the twisted Gaussian Schell-model (TGSM) beam (with topological charge I = 0)
by using a six-cylindrical-lens optical system [41]. Recently, we simplified the protocol
with only a three-cylindrical-lens system [42]. However, due to the restricted condition
between the focal distances of the cylindrical lenses and the twist factor of the twist phase,
such an approach cannot adapt to the situations in which the beam parameters, such as
the twist factor and the spatial coherence width, are required to be adjustable. To solve
the problem, methods based on the coherent-mode representation [43], pseudo-mode
representation [44], and random-mode representation [45] have been proposed. The core of
these methods is that a partially coherent twisted beam can be decomposed into a finite
number of uncorrelated optical modes. Different series of optical modes are obtained from
the three different representations for the cross-spectral density function of the beam.

In this work, we use the pseudo-mode representation method to synthesize a TLGSM
beam. The advantage of the pseudo-mode representation method is that the optical modes
can be obtained conveniently by discretizing Gori’s non-negative definiteness criterion
compared to the coherent-mode representation and the convergence speed of the modes
is faster than that of the random-mode representation [46]. We show that all the required
pseudo modes can be encoded into a single frame of a dynamic computer-generated
hologram by adding the Gaussian random phases into the modes. A TLGSM beam can
be successfully generated by sequentially displaying the dynamic holograms on a single
spatial-light modulator. In addition, the beam parameters can be controlled easily in the
experiment by altering the dynamic holograms. The combination effect of the twist phase
and the vortex phase on the evolution properties of a partially coherent beam is also
demonstrated in our work.

This work is organized as follows. In Section 2, we introduce the pseudo-mode repre-
sentation for a TLGSM beam and numerically study the propagation and self-reconstruction
properties of the TLGSM beam with this representation. In Section 3, we show the ex-
perimental details for synthesizing a TLGSM beam with controllable beam parameters.
The experimental results are also presented in this section. In Section 4, we summarize
this work.
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2. Theory
2.1. Pseudo-Mode Representation for a TLGSM Beam

In the space—frequency domain, the second-order statistical properties of partially
coherent sources can be described in terms of their cross-spectral density (CSD) functions
at a pair of points in space [1]. The CSD function for a TLGSM beam in the source plane
(z = 0) is expressed as [39]

. 2 | 12 —1)?
W) —<r1rz>”exp[—zl(q»]—q)z)]exp(—rigzz)eXP [—%5{)] M

x exp[—ikp(x1y2 — x2y1)]

where the angular frequency w is omitted for simplicity, 1y = (x1, y1) and rp = (x2, ¥2)
are two arbitrary transverse position vectors in the source plane, and oy and éy denote the
beam width and transverse coherence width, respectively. The phase term exp[il(¢2 — ¢1)]
represents the vortex phase, with the azimuthal angle ¢ = arctan(y/x) and ! being the
topological charge. The last phase term, exp[—ikp(x1y2 — x2y1)], denotes the twist phase,
with k = 27r/A being the wave number and y being the twist factor representing the
strength of the twist phase. The parameter y has a real value and dimension of the inverse
of length. It should be noted that the magnitude of u is determined by the inequality

lu| < (ko3) o satisfy the non-negative definiteness of the CSD function [20].
Based on Gori’s non-negative definiteness criterion, the CSD function can be elegantly
expressed in a continuous integral form, i.e., [47]

W(ry, 12) jfp YH*(r1,v)H(xp, v )d2 v, (2)

where p(v) is a non-negative weight function, H(r, v) is an arbitrary kernel, and the asterisk
denotes the complex conjugate. For a TLGSM source, p(v) and H(r, v) take the forms

2a0, ? (fo + vi)

= I e 3
p(v) = exp dat o 3)

H(r,v) =/ 2;’1141\ exp

where a is a positive parameter determined by ép and y, i.e.,

(kn)*
4a

—— | — 4+ar—av iku (xv, — yov exp(ilg),
1+ 4aa§ 4(70 ATy = Jox Pl

Sl=a+ (5)
The continuous integral in Equation (2) can be represented by a discrete form through
a two-dimensional comb function sampling, i.e.,

N
W(ry, 1) ZZ P (Vi ) H* (21,V 3 ) H (22, ), (6)
m n

where v, = (v, vy) are two-dimensional discrete variables, H(r, v, ) are the pseudo
modes, and p(vy,) are the corresponding non-negative weights. Similar to the well-known
coherent-mode representation, the CSD can be regarded as the incoherent superposition
of suitable weighted mutually uncorrelated pseudo modes. Considering the difficult
task to exploit the eigenfunctions and the associated eigenvalues in the coherent-mode
representation [1], it is obvious that the pseudo-mode representation method is more
convenient and flexible. Equation (6) implies that an infinite number of modes is required
to represent the CSD function of a TLGSM source. Nevertheless, the non-negative function
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p(Vin) converges quickly toward zero as the mode indices m and n increase. Therefore, an
appropriate number of discrete modes is necessary to achieve concise approximation in a
practical situation.

Next, we take the TLGSM source with specific parameters | = 2, §p = 0.66 mm,
0p = 0.3 mm, and # = £1.5 x 1074 mm ! as an example. We simulate with different num-
bers of pseudo modes to find the suitable indices for M and N. During the sampling process,

Vmn is equally spaced in a confidence interval {—2 \/ 2 (4(73 +1/ a) , 2\/ 2 (40’5 +1/ a)} , where
\/ (403 +1/a) /2 is the waist width of the weighting function, as shown in Equation (3).

Figure 1 shows the variation of p(v;,) with indices m and n when the total number of the
discrete modes is selectedas M = N =5 M = N = 7,and M = N = 15. The spatial
distribution of p(v) in Equation (3) is displayed in Figure 1a as a reference. It is found that with
the increase in the mode indices, the value of p (v, ) decreases, implying that pseudo modes
with higher modal indices have less contribution. In addition, with the increase in the total
mode number M X N (or the decrease in the separations between v,;,), the spatial distribution
for p(viun) becomes closer to the spatial distribution of the continuous function p(v).

5

I

(a) (b) M=N

~
o
N

P(Vinn)

Figure 1. (a) The spatial distribution of the weight function p(v). (b—d) The variation of the discrete
function p (v, ) with indices m and n when the total number of the discrete modes is selected as
(b)M=N=5,(cM=N=7,and (d) M =N = 15.

To see whether the discrete pseudo-mode representation could constitute a TLGSM
beam, we next examine the spectral density and spatial degree of coherence (DOC) of the
beam synthesized with M x N pseudo modes. Both the spectral density and the spatial
DOC can be obtained with the help of Equation (6), i.e., the spectral density S(r) = W(r,r)
and the spatial DOC y(r,12) = W(r,12)/+/S(r1)S(r2). In Figure 2, we show the spatial
distributions for the spectral density of the synthesized beams, with the mode numbers
being M X N =5x5 Mx N =7x7,and M x N = 15 x 15. We find that with the increase
in the number of pseudo modes, the spectral density distribution of the synthesized beam
becomes more consistent with that of a TLGSM beam expressed by Equation (1). When
the number of the modes reaches 225 with M = N = 15, it is found that the spectral



Photonics 2023, 10, 314

50f16

density distribution of the synthesized beam matches perfectly with the theoretical model.
In Figure 3, we show the spatial distribution for the DOC |y (1, 1p)|, where r; = (x,y) and
r, = (—x, —y). It is obvious that as the number of modes increases, the spatial distribution
for the degree of coherence of the synthesized beam gradually approximates that for a
TLGSM beam. When the number of modes reaches 15 x 15, the synthesized spatial DOC
nearly coincides with the theoretical result obtained with Equation (1). These simulation
results indicate that a satisfactory TLGSM source can be obtained by superimposing appro-
priate quantities of discrete pseudo modes. For the examples of the TLGSM beams studied
in this work, we find 15 x 15 pseudo modes are sufficient.

(a) 2 1 (o) 2

x(mm) x(mm) x(mm)

Figure 2. The spatial distributions for the spectral density of a beam synthesized with
(a) M x N =5 x5 pseudo modes, (b) M x N = 7 x 7 pseudo modes, and (¢) M x N = 15 x 15
pseudo modes. The red curves in (d—f) show the corresponding cross line (y = 0) of the simulation
results, while the dotted black curves show the corresponding theoretical results.

@12 1 ®p2 1 <°)12
£ )
™~ =
0
—12
mm
o r(mm)
0.5
0 0 0
1.2 0 1.2 -1.2 0] 1.2 -1.2 0] 1.2
x(mm) x(mm) x(mm)

Figure 3. The spatial distributions for the spatial degree of coherence |y(r, —r)| of a beam synthesized
with (a) M x N =5 x 5 pseudo modes, (b) M x N =7 x 7 pseudo modes, and (¢) M x N =15 x 15
pseudo modes. The red curves in (d—f) show the corresponding cross line (y = 0) of the simulation
results, while the dotted black curves show the corresponding theoretical results.
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2.2. Examining the Propagation Properties with Pseudo-Mode Representation

In this subsection, we use the aforementioned pseudo-mode representation to in-
vestigate the coexistent effect of the vortex phase and the twist phase on the statistical
properties of a TLGSM beam during paraxial propagation. Within the accuracy of paraxial
approximation, the propagation of each pseudo mode of a TLGSM beam passing through a
stigmatic ABCD optical system can be treated with the following Collins integral [48]:

ik
2B

ikD (% + p3)

H(prvmn) = >B

exp

ikA
ffH(r/an)eXp 7(362 +y2) )
e | 7)

ik
X exp {—B (xpx + ypy)} dxdy

where H(p, viun) denotes the output pseudo mode, with p being the spatial position vector
in the output plane; k is the wavenumber as before; and A, B, C, and D are the elements of
the transfer matrix for the optical system. Taking all the output pseudo modes into account,
we obtain the CSD of the TLGSM beam in the output plane represented by the following
superposition form, i.e.,

M N
W(p1,02) = Y. Y P(viun)H (01, Vinn) H (02, Vi) ®8)

m=1n=1

Substituting the analytical expression of the pseudo mode and its corresponding weight
for a TLGSM source into Equations (7) and (8), we can conveniently simulate the propagation
properties, including the spectral density and the spatial DOC of the TLGSM beam.

As a numerical example, a focusing system composed of a thin lens with focal distance
f locates in the source plane of the beam and the simulated propagation properties of
the beam at a distance z after the lens are examined. The elements of the transfer matrix
for such an optical systemare A =1—z/f,B=2C = -1/ f,and D = 1. Figure 4
illustrates the spatial distributions for the spectral density of the TLGSM beam at different
propagation distances. The topological charge of the beam is | = 2, and the twist factor u
of the twist phase is controlled to be 1 = 1.5 x 10~* mm~! and u = 0. Other parameters
for the beam and optical system are éy = 0.66 mm, cp = 0.3 mm, A = 632.8 nm, and
f = 400 mm. From the simulation results shown in Figure 4, one can see that the beam
embedded with only the vortex phase gradually evolves from a donut shape into a quasi-
Gaussian shape, as expected. This is due to the reduced spatial coherence in the beam
source. When the twist phase is considered, we demonstrate in the top row and the bottom
row of Figure 4 the influence caused by the handedness of the orbital angular momentum
affiliated with the twist phase. The beam’s ability of preserving the donut shape diminishes
as the twist factor u takes a positive value, which indicates that the handedness of the
orbital angular momentum affiliated with such a twist phase is opposite to that of the
vortex phase with the positive topological charge. On the contrary, the ability of preserving
the donut shape for the beam enhances when the twist factor u takes a negative value,
indicating the same handedness of the orbital angular momentum induced by the twist
phase and the vortex phase.
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Figure 4. The simulation results for the spectral density at different propagation distances of a TLGSM
beam with (a-d) the twist factor # = 1.5 x 10~ mm ™1, (e-h) u = 0,and (i-) ¥ = —1.5 x 10~ * mm~1.

Next, we simulate the effect of the twist phase on the self-reconstruction ability of the
spectral density and spatial DOC of a TLGSM beam with the pseudo-mode representation.
In the simulation, the TLGSM beam in the source plane is partially blocked by a sector-
shaped opaque obstacle (SSOO) with the transmittance function O(r). The pseudo mode of
the TLGSM beam in the output plane of the ABCD optical system thus becomes

ik
27tB

ikD (0% + p3)

H(p/an) = oB

exp [ [ H(x, Viun)O(r) exp r;?(xz +y2)].

)
ik
X exp {IB (xpx + ypy)} dxdy

Substituting Equation (9) into Equation (8), the spectral density and spatial DOC of the
obstructed TLGSM beam in the output plane can be obtained conveniently. In Figure 5, we
display the spatial distributions for the spectral density of TLGSM beams with different
twist factors u at different propagation distances through a focusing system. The closing
angle of the SSOO in the source plane is @ = 71/3 (see in the left panel of Figure 5). From
the simulation results, we find that the notch of the ring-shaped profile keeps rotating
during propagation, since the beam carries the orbital angular momentum that is induced
by the vortex phase and the twist phase. In addition, it is found that the notch in the
spectral density faces just right up when the beam is in the focal plane, while it faces
the right direction in the source plane, indicating a 7t/2 rotation of the beam along the
counterclockwise direction. The simulation results are consistent with the theoretical
predictions in Ref. [39]. From the right panels of Figure 5, one can find that the notch
in the spectral density gradually fades away in the focal plane as the twist factor varies
from negative to positive. For = 1.5 x 10~* mm ™!, the focal-plane beam profile is well
reconstructed (see Figure 5d) in comparison to that when the SSOO is removed in the input
plane (see Figure 4d).
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Figure 5. The simulation results for the spectral density at different propagation distances of a TLGSM
beam with (a—d) the twist factor 4 = 1.5 x 107* mm~1, (e-h) x = 0,and (i-I) p = —1.5 x 10~ mm 1.
The TLGSM beam is obstructed by a sector-shaped opaque obstacle with center angle « = 77/3.

We then calculate the spatial DOC between the points p and —p of the focused
obstructed beam with a positive twist factor # = 1.5 x 10~* mm ! in the focal plane, and
we present in Figure 6 the spatial distribution of the DOC |y(p, —p)|* under different
closing angles of the SSOO. For a better comparison, the corresponding DOC distributions
of the obstructed beams with y = 0 are also presented in Figure 6. It is clear the magnitude
of the side rings in the spatial distribution of DOC is significantly enhanced (top panels
of Figure 6) when the twist phase with a positive twist factor is present in the beam. The
enhancement benefits from the quasi-Gaussian distribution of the spectral density for the
TLGSM beam with ¢ = 1.5 X 107* mm™~! (see in Figures 4d and 5d). In addition, we
find the spatial distribution of the DOC for the TLGSM beam has the self-reconstruction
capacity when the beam is partially blocked. As shown in the bottom panels of Figure 6,
even when the beam carries no twist phase and the beam is blocked by an SSOO, the
topological charge of the incident beam can still be identified by counting the dark-ring
dislocations in the spatial distribution of the DOC in the focal plane. When the twist phase
with 4 = 1.5 x 10~* mm~! is present, we find that the self-reconstruction capacity of an
obstructed TLGSM beam is enhanced since the magnitude of the bright side rings of the
DOC is enhanced as well. Therefore, the number of dark-ring dislocations can be identified
more easily despite the increase in the obstruction section, which makes the detection of
the topological charge of a partially coherent vortex beam more reliable. We remark that
these simulation results obtained with the pseudo-mode representation method are well
consistent with those reported previously [33].
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Figure 6. The simulation results for the spatial degree of coherence |7(p, —p)| in the focal plane of a
TLGSM beam with (a—c) the twist factor # = 1.5 x 10~* mm~! and (d—f) # = 0. The TLGSM beam
is obstructed by a sector-shaped opaque obstacle with center angle (a,d) « = 0, (be) x = 71/6, and
(cf)a=m/3.

3. Experiment

In this section, we carry out an experiment to synthesize a TLGSM source and verify
the beam’s propagation properties and its self-reconstruction capacity. Based on the pseudo-
mode representation, experimentally synthesizing a TLGSM beam can be realized through
incoherent superposition of the obtained pseudo modes with the corresponding non-
negative weights. The pseudo modes are generated with the dynamic hologram located
on the spatial-light modulator (SLM). However, to guarantee that the pseudo modes are
statistically independent, additional random phases need to be imposed on each pseudo
mode. Therefore, one frame of the dynamic complex holograms is determined by the
following expression:

N
2 A/ P (Vin ) H(t, Vi ) expliye (Vinn)] (t = 1,2,..., T), (10)

||
¥ ME

where ¢;(r) denotes the complex phase pattern of one frame loaded on the SLM, ¢ (V)
is the attached random phase on each pseudo mode and the spatial distribution of this
phase is uniformly distributed in the interval [0, 277], and T is the total number of the
frames of the dynamic complex holograms. Next, by displaying a certain number of
frames of the dynamic complex holograms in sequence, the TLGSM beam is synthesized
by time-averaging of the recorded instantaneous intensities associated with each frame of
the displayed holograms.

Figure 7a shows a set of frames of the dynamic holograms for generating a TLGSM
beam with # = 1.5 x 107 mm~! and I = 2. It should be emphasized here that each frame
of the dynamic holograms is a complex phase pattern contributed by all the involved
pseudo modes. We note that a large number of frames with random phases in the dynamic
holograms is necessary to ensure that all the pseudo modes are mutually incoherent. To
quantify the number of hologram frames, we calculate the absolute value of the degree of
coherence (DOC) of the sampled pseudo modes, which is given by [44,49]

1 .
Y(Vinlnt, Vinan2) = =7 Zexp e (Vint) — vt (Vi2n2)])| (Vi1 # Vi2n2).  (11)
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Figure 7. (a) A schematic illustration of the dynamic computer-generated hologram. (b) The experi-
mental results of the instantaneous intensities for the dynamic hologram. (c) The absolute value of
the degree of coherence || between different modes versus the number T of the hologram frames.

Figure 7c depicts the absolute value of the DOC between different modes versus the
number T of the hologram frames. It is found that the correlation between different modes
decreases rapidly with the increase in T and gradually fluctuates around a small value.
In our experiment, 800 frames for the dynamic holograms are used since in such a case,
the correlation between different pseudo modes can be neglected (i.e., |y| ~ 0.03) and the
intensity distribution of the synthesized beam is relatively uniform. Figure 7b shows the
experimentally captured instantaneous intensities for the optical modes ¢;(r). The final
TLGSM source can be synthesized by averaging over the large number of instantaneous
fields corresponding to the displayed dynamic hologram serials.

Figure 8 shows our experimental setup for generating a TLGSM beam. A fully coherent
light emitted by a He-Ne laser with the wavelength A = 632.8 nm passes through a linear
polarizer (P) and a half-wave plate (HWP) successively. Next, it is reflected with a reflective
mirror (RM) and expanded with a beam expander (BE). After the expanded beam is
modulated with a circular aperture (CA;), it is divided with a beam splitter (BS). One
portion reaches a reflective phase-only spatial-light modulator (SLM; Pluto, Holoeye). The
dynamic holograms shown in Figure 7a are loaded on the SLM beforehand to generate the
complex optical modes by Equation (10). It is worth noting that each frame of the displayed
computer-generated hologram is a complex phase pattern determined by all involved
pseudo modes with their corresponding random phases and weights. The difference
between any two frames of the dynamic hologram is caused by the random phases. To
ensure that all the modes are mutually uncorrelated, 800 hologram frames are prepared
in advance. Next, the SLM plays 800 frames in a cycle, with each frame having the same
time interval. In our experiment, the frame rate of the phase pattern sequence loaded to
the SLM is about 10 fps, while the refreshing rate of the SLM used here is 60 Hz. Thus, the
time needed for the SLM to switch from one hologram to the other is negligible compared
to the playing time of each hologram on the SLM. The modulated beam after the SLM is
transmitted through a 4f imaging system formed by the thin lens L;, L, and a circular
aperture in the frequency plane to select out the first-order diffracted beam. Next, the
TLGSM source is synthesized in the output plane of the 4f imaging system, i.e., the rear
focal plane of L. We remark that the spatial coherence width 4y, the topological charge
I, and the twist parameter u of the TLGSM source can be controlled by modulating the
dynamic hologram with the help of Equation (10). To examine the focusing properties,
the TLGSM beam is focused by a thin lens Lz with focal distance f3 = 400 mm. A charge-
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coupled device (CCD) camera is placed along the beam axis to record the intensities of the
TLGSM beam at different propagation distances. The exposure time of the CCD camera can
be controlled to capture the instantaneous intensities affiliated to each frame of the dynamic
complex holograms. In our experiment, the synthesis of the TLGSM beam is based on
the time-averaging of a series of pseudo modes. Therefore, the synthesized TLGSM beam
makes sense only on a timescale that is determined by the playing time of 800 dynamic
holograms. The efficiency for synthesizing a TLGSM beam can be further improved with a
faster light modulator, such as a digital micro-mirror device (DMD) [50,51].

o

HWP p Laser

PC, BE

CCD

A TR S S N

Figure 8. Experimental setup for generating a TLGSM beam. Laser, He-Ne laser; P, linear polarizer;
HWP, half-wave plate; RM, reflecting mirror; BE, beam expander; CA;, CA,, circular apertures;
BS, beam splitters; SLM, spatial-light modulator; L1, L, L3, thin lenses; CCD, charge-coupled device;
PCy, PCy, personal computers.

Figure 9 shows the experimental results of the average intensity distributions of the
generated TLGSM beam at different propagation distances. We find that TLGSM beams
with different twist factors have the same dark-hollow intensity distribution in the source
because the intensity in the source plane is determined only by the phase singularity
of a vortex phase. However, with the increase in the propagation distance, the dark-
hollow beam profile of the TLGSM beam with y = 0 degenerates into the quasi-Gaussian
distribution. The twist phase with a positive or a negative twist factor speeds up or impedes
this tendency. As a result, as shown in the right panels of Figure 9, the TLGSM beam with
a positive i shows a Gaussian beam spot in the focal plane and the TLGSM beam with
a negative y shows a dark-hollow beam profile in the focal plane. The experimental
results are well consistent with the simulation results shown in Figure 4. We also notice an
astigmatic effect in the intensity distributions, which may be corrected by applying a small
tilt in the lens L3 [52,53].

In Figure 10, we exhibit the measured intensity distributions of the TLGSM beam
obstructed by an SSOO with center angle « = 71/3. From the experimental results, we find
that the notch in the intensity distribution rotates during propagation. In the source plane,
it faces the right direction, while in the focal plane, it rotates 90 degrees counterclockwise
and faces the upward direction. In addition, it is found that the notch in the intensity
distribution fades away in the focal plane when the twist parameter y varies from negative
to positive. When y is controlled to be 1.5 x 10~# mm ™!, the intensity distribution in the
focal plane becomes a solid Gaussian beam spot, which reflects the self-reconstruction
property of the intensity as the experimental results in Figures 9d and 10d are compared.
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Figure 9. The experimental results for the averaged intensity at different propagation distances of
the generated TLGSM beam with (a-d) the twist factor = 1.5 x 107* mm~!, (e-h) = 0, and
() p=-15x10"*mm~L
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Figure 10. The experimental results for the averaged intensity at different propagation distances
of the generated TLGSM beam with (a—d) the twist factor y = 1.5 x 10~ mm~1, (e-h) u=0,and

(i-1) p = —1.5 x 10~* mm~!. The TLGSM beam is obstructed by a sector-shaped opaque obstacle
with center angle &« = 7/3.
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We now turn to examine the influence of the twist phase on the self-reconstruction
property of the spatial DOC of a TLGSM beam in the focal plane. The beam with = 0 and
# =1.5x 10~* mm~! is blocked by an SSOO with center angle & = 0 (without obstruction),
« = 711/6, and & = 7/3, respectively. Figure 11 shows the experimental results of the
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measured spatial DOC |7v(p, —p)|? in the focal plane of a TLGSM beam with different
obstructions and different twist factors. The spatial DOC of the synthesized beam in our
experiment is obtained via the equation

L(p)I(—p)
[v(p, =) = = - , (12)
glt(P) Y. Ii(—p)

t=1

Tt

t

where I;(p) is the measured instantaneous intensities affiliated to each frame of dynamic
complex holograms in the focal plane. The relation of Equation (12) is obtained with the
uncorrelated property of the pseudo modes. It is found in Figure 11 that although the
outside part of the distribution of the spatial DOC deteriorates due to the stray light, the
strength of the bright side rings is enhanced evidently in the case of a positive value of
the twist factor. In comparison to the spatial DOC of an obstructed beam with no twist
phase (u = 0), the bright side rings can be distinguished clearly despite the growing area
of obstruction. This result helps us improve the fidelity of quantifying the topological
charge of a blocked partially coherent vortex beam. We remark here that the orbital angular
momentum of a TLGSM beam is determined by both the topological charge of the vortex
phase and the twist factor of the twisted phase, which can both be measured from the
spatial coherence structure measurement of the beam [19,45]. The differences between the
simulation and experimental results for the spatial degree of coherence may introduced
from the division calculation shown in Equation (12).

g
5 0.8
A
o 0.6
1
it 0.8
S8
0.6

x(mm) x(mm) x(mm)

Figure 11. The experimental results for the spatial degree of coherence |y(p, —p) |2 in the focal plane
of the generated TLGSM beam with (a—c) the twist factor # = 1.5 x 107* mm~! and (d—f) 4 = 0.
The TLGSM beam is obstructed by a sector-shaped opaque obstacle with center angle (a,d) « = 0,
(b,e)a = /6, and (c,f) « = 71/3.

4. Conclusions

In summary, we experimentally demonstrated a flexible and highly efficient method
to generate a Gaussian Schell-model beam carrying both the vortex phase and the second-
order twist phase. The method was based on the discrete pseudo-mode representation of a
partially coherent twisted beam, in which we showed that all the required pseudo modes
with the corresponding weights can be encoded into a single frame of a dynamic hologram
by introducing random phases into the modes. It was demonstrated experimentally that
by sequentially displaying the dynamic holograms on a single spatial-light modulator, a
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controllable twisted Laguerre-Gaussian Schell-model (TLGSM) beam can be synthesized.
We also studied both numerically and experimentally the joint effect of the vortex phase
and twist phase on the propagation and self-reconstruction characteristics of the intensity
and spatial degree of coherence of the TLGSM beam with the help of the discrete pseudo-
mode representation method. The results showed that the preservation of the donut
shape intensity distribution of a partially coherent vortex beam with a positive topological
charge during propagation can be enhanced with the twist phase having a negative twist
factor. The self-reconstruction properties of the focal-plane intensity and spatial degree
of coherence of an obstructed TLGSM beam can also be enhanced with the twist phase
having a positive twist factor. The enhancement of the spatial degree of coherence can
be used for improving the identification reliability of the topological charge for partially
coherent vortex beams. Our results verified the combined effect of the twist and vortex
phases and provide an effective way to synthesize partially coherent beams with novel
coherence phases.
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