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Abstract

Optical vortex is a promising candidate for capacity scaling in next-generation optical
communications. The generation of multi-vortex beams is of great importance for
vortex-based optical communications. Traditional approaches for generating multi-
vortex beams are passive, unscalable and cumbersome. Here, we propose and
demonstrate a multi-vortex laser, an active approach for creating multi-vortex beams
directly at the source. By printing a specially-designed concentric-rings pattern on
the cavity mirror, multi-vortex beams are generated directly from the laser. Spatially,
the generated multi-vortex beams are decomposable and coaxial. Temporally, the
multi-vortex beams can be simultaneously self-mode-locked, and each vortex
component carries pulses with GHz-level repetition rate. Utilizing these distinct
spatial-temporal characteristics, we demonstrate that the multi-vortex laser can be
spatially and temporally encoded for data transmission, showing the potential of the
developed multi-vortex laser in optical communications. The demonstrations may
open up new perspectives for diverse applications enabled by the multi-vortex laser.

Keywords: Multi-vortex laser, Spatial encoding, Temporal encoding
.

Introduction
Optical vortices, having distinct features of helical phase front and doughnut intensity
profile, have attracted increasing interests in a variety of applications such as optical
manipulation, trapping, tweezers, microscopy, imaging, metrology, nonlinear interac-
tions, astronomy, and quantum science in the past decades [1-10]. Recently, optical
vortices, which provide in principle unlimited number of orbital angular momentum
(OAM) quantum states [11], are used as powerful tools in the emerging application of
optical communications [12—29]. By applying multiple vortex beams with various topo-
logical charges, the communication capacity will be further increased beyond the traditional
well-established physical dimensions such as wavelength and polarization [15, 16, 25, 26].
Moreover, vortex-based data transmission can also potentially enhance the communication
security [12, 22]. Contributed by these advantages, optical vortex becomes a promising can-
didate for capacity scaling in next-generation optical communications.

The generation of multi-vortex beams is the prerequisite of vortex-enabled optical
communications. Up to now, due to lack of a multi-vortex laser source, it has always
been relying on spatially modulating Gaussian beams through multiple spatial phase
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elements, such as spatial light modulators (SLM) [30] and spiral phase plates (SPP)
[31], to generate multi-vortex beams for data transmission. In this way, additional cum-
bersome beam splitters are always used for combing multiple vortex beams together,
resulting in an unscalable and bulky communication system. Although the superpos-
ition of multi-vortex beams can be created with a single SLM by loading a specific
complex phase pattern [32, 33], the quality of the generated superimposed vortex
beams is relatively poor due to the limited resolution of the commercially available
SLMs, especially for high-order OAM-carrying optical vortices with fine spatial struc-
tures. Therefore, traditional techniques of generating multi-vortex beams limit the ap-
plications of high-order vortex-based optical communications. Meanwhile, most of the
previous demonstrations on multi-vortex beams are based on passive techniques. In
this scenario, it is worthwhile developing novel active techniques of creating multi-
vortex beams directly at the source.

Because Laguerre-Gaussian (LG) vortex beams are eigen transverse modes of laser
oscillation in cavity, vortex beams can be generated directly from laser. In principle, the
vortex beams generated from laser possess pure spiral phases and are stable for trans-
mission. Such high-quality beam generation will benefit high-performance vortex-based
data transmission, e.g. in the aspect of long-distance transmission. However, attempts
have always been made to generate vortex beams with only single topological charge
[34-38]. Different from single vortex generation, generation of multi-vortex beams
from laser requires finely controlling of transverse modes in sub-mode scale and break-
ing the competitions among transverse modes, which has not been realized so far.
Therefore, it is quite a challenge to generate multi-vortex beams directly from laser.

In this article, we present creation of multi-vortex beams at the laser source by print-
ing a specially-designed concentric-rings pattern on cavity mirror. In theory, we
propose multi-vortex oscillation threshold minimum analyzing (MOTMA) method to
design the pattern printed on cavity mirror that supports multi-vortex beams gener-
ation. In the experiment, a concentric-rings pattern designed using MOTMA method
is printed on the surface of laser output coupler (OC), and multi-vortex beams with
various topological charges are simultaneously generated from laser. Spatially, the gen-
erated multi-vortex beams are decomposable and coaxial. Temporally, the multi-vortex
beams can be simultaneously self-mode-locked, and each vortex component carries
pulses with GHz-level repetition rate. Applying these unique spatial-temporal charac-
teristics, we demonstrate that the multi-vortex laser can be spatially and temporally
encoded for data transmission, which shows the potential of the developed multi-
vortex laser to be applied in optical communications.

Results

Concept and principle

The concept and principle of multi-vortex beams generation from laser for spatial and
temporal encoding is schematically illustrated in Fig. 1. Determined by the intensity
distribution of LGy, vortex beam (/ is the topological charge), the bright ring radius of
optical vortex increases with the topological charge number /. Therefore, multi-vortex
beams that are spatially separated can be concentrically constructed by finely control-
ling transverse modes. By spatially separating different vortex modes in gain medium,
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Fig. 1 Concept and principle. Multi-vortex pulsed beams are generated directly from the laser. Spatial
encoding is achieved by combining specific components of the vortex beams, and temporal encoding is
achieved by modulating the pulses. Both spatial and temporal encoding are used for data transmission

gain competitions among the vortex modes are avoided, thus multi-vortex beams can
steadily oscillate and output from laser. Moreover, each vortex component can carry
high-repetition pulses through self-mode locking operation of the multi-vortex laser.
By applying the unique spatial and temporal dimensions provided by the multi-vortex
laser, spatial and temporal encoding can be performed. On one hand, spatial encoding
can be achieved by arbitrarily combining the vortex components as spatial codes. On
the other hand, temporal encoding can be achieved by modulating the mode-locked
pulses as temporal codes. Both spatial and temporal encoding can be applied for data

transmission.

Design of multi-vortex laser

For generating multi-vortex beams, an end-pumped laser with a cylindrically symmetric
cavity structure is designed, as schematically illustrated in Fig. 2a. The laser cavity is
composed of a concave mirror M1 and a plano-plano output coupler (OC) with a gain
crystal. The pumping light emitted from a laser diode (LD) is collimated by lens L1, fo-
cused by lens L2, and then is incident into the gain crystal. In particular, for construct-
ing multi-vortex beams to oscillate, we propose to design a specific pattern and print it
on the surface of OC to form loss modulations. In order to obtain the pattern that sup-
ports the generation of multi-vortex beams with specific topological charges, multi-
vortex oscillation threshold minimum analyzing (MOTMA) method is proposed. In
laser, those vortices having oscillation threshold minima will be selected to oscillate,
thus we only need to find a pattern for providing loss modulations so that the objective
vortices have the oscillation threshold minima. It is assumed that the pattern is com-
posed of a solid circle in the center and multiple concentric rings (Fig. 2c). When the
center of this concentric-rings pattern is positioned on the laser axis, loss modulations
will be introduced and it will form multiple ring-shaped laser passes in the unprinted
region which match with the objective multi-vortex beams. The concentric-rings
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Fig. 2 Design of multi-vortex laser. a Schematic setup of the multi-vortex laser. LD: laser diode; L1 and L2:
two round lenses; M1: concave mirror; OC: output coupler, which is printed with a concentric-rings pattern
on the surface. b Threshold pump power of optical vortex oscillation versus the topological charge number
I. parameters: ro =25 um, ry1 =200 um, r;> =300 um, r>; =500 um, r>5 =600 um, r3; =800 um, r3> =900 um,
r41 = 1100 um, ra, = 1200 um; curvature radius of M1 is -100 mm; cavity length is 4.5 cm; transmittance of
OC is 2%; u = 10.95; reflectivity of concave mirror M1 is 99.97%; and the intrinsic loss of gain medium L is
0.012. ¢ Captured image of the concentric-rings pattern printed on OC with parameters in b. d Microscopy
image of the framed region in c. Scale bars in ¢ and d present 400 um and 100 um, respectively

pattern can be completely described by the radius of the central circle ry, the inside ra-
dius of the i-th ring r;;, the outside radius of the i-th ring r;, and the number of the
rings 7.

As an example, we consider the generation of four vortex beams with topological
charges of /=1, [=18, /=58, and /=118, and the oscillation pump thresholds of these
four vortex beams should be the minima. Based on such consideration, the oscillation
pump threshold versus the topological charge number / of LGy, vortex mode is calcu-
lated by taking a specific concentric-rings pattern printed on OC into account (For de-
tails refer to Methods and Supplementary Information Section 1). As shown in Fig. 2b,
it presents four minima at /=1, /=18, /=58 and /= 118. In this case, parameters of the
concentric-rings pattern are designed to be 1y =25 pm, r;; = 200 pum, ;5 = 300 pm, rp; =
500 pm, ryy = 600 um, r3; = 800 pm, 135 = 900 um, r4; = 1100 pm, r4p = 1200 pm, and the
concentric-rings pattern is depicted in Fig. 2c. In fact, because the four vortex beams
are spatially separated and there are no gain competitions among the vortex beams,
these four optical vortex beams will be selected to simultaneously oscillate and output
from the laser when the pump power is above all the four threshold minima. With
MOTMA method, quantitative relationship between the concentric-rings pattern and
the topological charge numbers of the multi-vortex beams can be obtained. Therefore,
multi-vortex beams with specific topological charges can be controllably generated
from the laser by specially designing the concentric-rings pattern printed on OC with

Page 4 of 14
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MOTMA method. This method for multi-vortex beams generation is reliable and
versatile.

Experiment of multi-vortex generation

In the experiment, a multi-vortex laser with a Nd: YVO, crystal as the gain medium is built
as designed in Fig. 2a (For details refer to Methods). The pump beam has a near Gaussian
intensity distribution (inset of Fig. 3k). For generating multi-vortex beams, a concentric-
rings pattern with ry = 25 pm, r1; = 200 pm, 715 =300 um, rp; = 500 pm, ry = 600 pm, 731 =
800 pm, r3p =900 pum, r4; = 1100 um and r4 = 1200 um is printed on the surface of OC,
which is shown in Fig. 2c (These parameters are the same as those designed). We adjust the
center of the concentric-rings pattern to the cavity axis. As expected, multi-vortex beams
are simultaneously generated from the laser. The measured intensity profile of the generated
multi-vortex beams is shown in Fig. 3a, which is recorded by a CCD camera. It presents
four typical doughnut shapes distributed concentrically. The measured intensity profiles of
the four vortex components are shown in Fig. 3b-e, respectively. The topological charges of
the generated multi-vortex beams are measured by converting the LGy, vortex modes into
the corresponding HGo; modes using a cylindrical lens mode converter [39, 40]. The nodal
lines number in the HGy; mode profile is equal to the topological charge number of the vor-
tex. In the experiment, apertures are used to separately select the multi-vortex components
to pass through the cylindrical lens mode converter, and Hermite-Gaussian (HG) beams
converted from the multi-vortex components are obtained as shown in Fig. 3g-j. By count-
ing the nodal lines of the HG beams, the topological charges of the generated multi-vortex
beams are measured to be [ =1, [ =18, [ =58, and / =118, respectively. The topological
charges of the generated multi-vortex beams are perfectly consistent with the theoretical de-
sign results obtained with MOTMA method. Therefore, it further presents the reliability of
the MOTMA method. The output powers of discrete vortex beams versus the incident
pump power are shown in Fig. 3k. The measured threshold pump powers of the discrete
vortex beams are 4.0 W, 3.7 W, 4.8 W and 8.0 W for LGy, LGg 15, LG58, and LGg 115 vorti-
ces, respectively, which are in good agreement with the calculated threshold pump powers
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Fig. 3 Multi-vortex beams generation. a Measured intensity profile of the generated multi-vortex beams. b,
¢, d, e Measured intensity profiles of the vortex components of the multi-vortex beams. f, Intensity profile
of the multi-HG beams converted from the generated multi-vortex beams by a cylindrical lens mode
converter. g, h, i, j Intensity profiles of the HG beams converted from the vortex components, showing that
the topological charges of the multi-vortex beams are /=1, /=18, /=58, and /=118, respectively. k Output
powers of the discrete vortex beams versus the incident pump power; Inset: pump beam profile
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of 3.8W, 31 W, 4.2W and 74 W for LGg1, LG8, LGoss, and LG 11g vortices shown in
Fig. 2b (Details refer to Methods and Supplementary Information Section 1).

Some experimental evidences suggest that self-mode-locking operation of high-order
transverse mode with high-repetition pulses can be achieved in short-cavity lasers [41—44].
Actually, high-repetition pulses with GHz level are ideal sources for temporal encoding and
time-division multiplexing (TDM) in optical communications [45, 46]. This also motivates
us to study the temporal characteristics of the generated multi-vortex beams. Considering
that the multi-vortex laser possesses a short cavity cycle of about 300 ps (~ 3.2 GHz in repe-
tition rate), a high-speed photodetector and a high-speed oscilloscope are used to detect
and record the temporal characteristics. As expected, we find that the multi-vortex beams
can be simultaneously self-mode-locked by finely optimizing the cavity. As shown in Fig. 4,
the self-mode-locked vortex beams all possess stable pulse trains. By measuring the radio
frequency (RF) spectrum of the mode-locked pulses, signal-to-noise ratio of over 40 dB and
high pulse repetition of 3.2 GHz are presented. Besides, the pulse widths of the mode-
locked multi-vortex beams are 48 ps. The detailed mode locking results can be referred to
Supplementary Information Section 2. In fact, self-mode locking is a general phenomenon
in narrow-band lasers [43, 44, 47, 48]. Due to Stark splitting of gain medium induced by
intracavity laser field, there will be a dip in the gain-line shape. The laser with such a con-
cave gain shape will produce short pulses due to the pulse stabilization mechanism where
spectrum broadening or narrowing will both cause lower average gain [49]. It is worth men-
tioning that, Nd: YVO4 crystal possesses a large nonlinear refractive index, so the combin-
ation of Kerr-lens and hard-aperture of the printed concentric-ring pattern on OC may also
contribute to the self-mode locking operation.
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Fig. 4 Self-mode-locked multi-vortex beams. a Measured intensity profiles of the multi-vortex components.
b Measured pulse trains of the multi-vortex components




Qiao et al. PhotoniX (2020) 1:13 Page 7 of 14

Remarkably, the obtained results show that the generated multi-vortex beams are
naturally decomposable and coaxial. Moreover, the multi-vortex beams carry high-
repetition picosecond pulses. Therefore, compared with traditional single-charge con-
tinuous wave (CW) vortex lasers, the developed multi-vortex laser increases two avail-
able spatial and temporal dimensions, which provides favorable potential to perform
spatial and temporal encoding for data transmission.

Spatial encoding of the multi-vortex laser

For showing the potential of the multi-vortex laser in optical communications, proof-
of-concept experiments are performed. Here, spatial encoding and data transmission
are demonstrated in the experiment. Considering that the number of the generated
multi-vortex beams is four, hexadecimal encoding of the generated vortex beams is
proposed. We define “none of beams” as “0”, the first vortex beam (/=1) as “2°=1",
the second vortex beam (/=18) as “2' =2”, the third vortex beam (/=58) as “2*=4"
and the fourth vortex beam (/=118) as “2*>=8”. Then the complete hexadecimal en-
coding can be achieved by selectively combining the multi-vortex components. For

2

example, “D” in hexadecimal codes represents “13” in decimal codes. Given that “13 =
1+ 4 + 8”, the combination of the first, the third and the fourth vortex beams can be
encoded as “D” in hexadecimal codes.

To demonstrate the spatial encoding and free-space data transmission, we build up a
data transmission system as shown in Fig. 5a. First, a digital micromirror device (DMD)
is used to encode the multi-vortex laser by controlling specific combinations of the vor-

tex components to be reflected for data transmission. Then, the encoded multi-vortex
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Fig. 5 Spatial encoding of the multi-vortex laser for data transmission. a Schematic of data transmission by
spatial encoding of the multi-vortex laser. DMD: digital micromirror device. b Measured patterns of the
multi-vortex laser encoded by DMD and the corresponding hexadecimal codes. ¢ Measured data
transmission results for image transfer using spatial encoding of the multi-vortex laser
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laser transmits in free space. Finally, a lens is used to focus the multi-vortex beam into
a CCD camera, and the data is decoded according to the recorded multi-vortex pat-
terns. The measured patterns of the encoded multi-vortex laser and the corresponding
hexadecimal codes are shown in Fig. 5b. By following the above process, a grayscale
image with 64 x 64 pixels is transmitted using the built data transmission system. In a
grayscale image, each pixel possesses one of 256 Gy scales. Because 256 = 16 x 16, the
grayscale value of each pixel is encoded by two hexadecimal sequences. As shown in
Fig. 5¢, in the data transmission experiment, there is no errors for the transmitted
image [bit error rate (BER) is zero], showing the feasibility of data transmission by ap-
plying spatial encoding of the multi-vortex laser.

Temporal encoding and time-division multiplexing

The above spatial encoding utilizes the spatial dimension of the multi-vortex laser.
Actually, ultrafast optical vortices with high-repetition pulses can be applied for time-
division multiplexing (TDM) [50], which can further increase the communication cap-
acity. Here, by applying the generated picosecond-pulse multi-vortex beams, temporal
encoding and TDM are experimentally demonstrated. The process of TDM of the pico-
second vortex is shown in Fig. 6a. In the experiment, the pulsed LGg; vortex beam is
employed. First, the pulsed LGy; vortex beam is divided into two pulsed beams. Then,
the two pulsed beams are separately temporally encoded with binary signals by pulse
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Fig. 6 Temporal encoding and time-division multiplexing (TDM) of pulsed vortex beams for data
transmission. a Schematic of TDM of the pulsed LG, vortex beam. b Temporal encoding of one divided
pulsed vortex beam. ¢ Multiplexing of two encoded pulsed vortex beams. d Measured data transmission
results for two QR codes transfer using temporal encoding and TDM of pulsed vortex beams
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modulation. Finally, the two encoded beams are multiplexed for data transmission. At
the receiver end, the multiplexed beams are received by a photodetector and decoded
by computer.

In the process of temporal encoding, as shown in Fig. 6b, the pulsed beam is modu-
lated by an electro-optic modulator whose modulation function is shown in the middle
part of Fig. 6b. After the modulation, the pulsed vortex beam carries binary signals as
shown in the bottom part of Fig. 6b, where the “pulse” moments represent “1” and the
“non-pulse” moments represent “0”. With the same modulation process, another di-
vided pulsed beam is also temporally encoded. Multiplexing of the two encoded pulsed
beams is achieved by combining them with a half-pulse-cycle delay (Fig. 6¢). The multi-
plexed pulse trains, as shown in the bottom part of Fig. 6c, carry two groups of binary
signals. For demonstrating the feasibility of TDM of the pulsed vortex beam, two differ-
ent QR codes are used for temporal-encoding data transmission. During the temporal
encoding, the black pixels of QR codes are encoded as “1” and the white pixels of QR
codes are encoded as “0”. As shown in Fig. 6d, two QR codes are successfully transmit-
ted with a BER of zero. Therefore, we demonstrate that the pulsed vortex beams can be
temporally encoded and applied in TDM. Each of the optical vortices can be applied
for data transmission through TDM, and the TDM traditionally with Gaussian beam
can be extended to vortex beam. The multi-vortex beams enable not only TDM but
also SDM, thus increasing a new dimension of space for data transmission comparing
with the traditional Gaussian beam-based data transmission. The proof-of-concept ex-
periment for simultaneously time-space division multiplexing (TSDM) of multi-vortex
beams is also performed, as shown in Supplementary Information Section 3. It is worth
mentioning that, mode-locking pulses with higher repetition rate can be obtained (even
100 GHz level can be achieved [51]) when further decreasing the cavity length of the
multi-vortex laser, and the data transmission rate will be further increased.

The obtained results shown in Figs. 5 and 6 indicate the successful implementation
of the multi-vortex laser for spatial and temporal encoding data transmission.

Discussion

We demonstrate that the multi-vortex laser is directly encoded in the spatial dimen-
sion. From another point of view, the performed hexadecimal encoding of the four
vortex beams in the experiment is equivalent to that each vortex component carries dif-
ferent binary codes. The performed spatial encoding is analogous to the concept of
space-division multiplexing (SDM) of multi-vortex beams. In principle, a free-space-
type modulator, which is able to modulate light beams in local space, can be utilized to
load independent signals onto each vortex component of the multi-vortex beams, and
direct multiplexing of the multi-vortex beams will be achievable. Because the multi-
vortex beams are naturally coaxial with transmission determined by the cylindrical
symmetry of the laser cavity, such direct multiplexing will significantly save the unscal-
able and bulky systems required in traditional vortex-based data transmission, which
shows the potential of the multi-vortex laser to be applied in vortex-enabled capacity
scaling of optical communications. Actually, by specially designing the concentric-rings
pattern printed on the cavity mirror using the proposed MOTMA method, vortex
beams with higher order and more topological charges can be generated, which will
further increase the communication capacity. This can significantly expand the
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available high-order optical vortices in optical communications, which are far beyond
most of the previous demonstrations of vortex-based communications only employing

low-order optical vortices [12—26].

Conclusions

In conclusion, multi-vortex beams are simultaneously generated from laser by printing
a specially-designed concentric-rings pattern on the cavity mirror. In theory, MOTMA
method is proposed to obtain the relationship between the concentric-rings pattern pa-
rameters and the topological charges of multi-vortex beams, which provides a reliable
and versatile design method for direct multi-vortex beams generation from laser. In the
experiment, by printing the specially-designed concentric-rings pattern on the OC,
multi-vortex beams with four topological charges are simultaneously generated, and
the results are perfectly consistent with the theoretical design results obtained with the
MOTMA method. Through self-mode-locking operation, pulses with GHz-level repeti-
tion rate are carried by the multi-vortex beams. By applying the developed multi-vortex
laser, spatial encoding and free-space data transmission are demonstrated. Moreover,
temporal encoding and TDM are also demonstrated by using the mode-locked pulses.
Therefore, the developed multi-vortex laser provides the added spatial and temporal di-
mensions that can be encoded, and has a great potential to be applied in optical com-
munications for capacity scaling. With future improvement, the developed multi-vortex
laser with distinct spatial-temporal characteristics may also find other emerging appli-
cations in manipulation, trapping, microscopy, metrology and material processing with

superior performance.

Methods

Derivation of relationship between the pump threshold and the topological charge of
vortex

When using MOTMA method to design specific multi-vortex beams generation, rela-
tionship between the pump thresholds and the topological charge numbers should be
first obtained. Here, the process is conducted. Now consider LG, vortex mode oscillat-
ing in cavity, whose pump threshold is proportional to the cavity loss and is inversely
proportional to the laser gain. Thus, the threshold pump power for LGy, mode oscilla-

tion can be expressed as [52].

Lo+ Li(To,ro,rin, i, M, R)
S rp(r,2)s0u(r,2)dV

Py (LGor) (1)

where 7,(r,z) and so(r,z) are the normalized pump intensity distribution and normalized
laser intensity distribution, respectively. The integral represents the laser gain. L, is the
loss of the gain medium. L, is the loss of cavity mirrors for LGy, mode, and it is related
to the OC transmittance (Tj), the concentric-rings pattern parameters ro, 71, I, the
number of the concentric rings #, and the reflectivity R of the concave mirror (M1 in
Fig. 2a). L; can be expressed as (For details refer to Supplementary Discussion I)
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Li(To,ro,ri1,72,n,R) = - ln{(l_TO)

F(ro) —+ if(riz)—ir(m)]R} (2)

i=1 i=1

Where

=2 () oel() )

0 0

where wj is the radius of the laser fundamental mode (TEMgo) on OC. By calculating
the integral in Eq. 1 and submit Eq. 2 into Eq. 1, the threshold pump power for LGy,
mode oscillation can be simplified as (Details in Supplementary Discussion I)

T(ro) + Z [(rp)- Z r(rﬂ)] R}
(4)

(1 +”2)l+1 2)l+1

/421

(L+p
#Zl

Py (LGop)= Lo-

In { (I—T())

where 4 is the ratio of the pump beam radius to the laser fundamental mode radius in
the gain crystal. By calculating Eq. 4, relationship between vortex oscillation pump
threshold and the topological charge / can be obtained, as shown in Fig. 2b. It is worth
noting that, the diffraction loss in the laser is very small and is ignored in the
calculation.

Build-up of multi-vortex laser

The multi-vortex laser is built as designed in Fig. 2a. In detail, the pump source is a
fiber-coupling LD at 808 nm, the focal length of the collimated lens L1 and the focal
lens L2 are both 10 cm, the gain crystal is a-cut Nd:YVO, crystal with the size of 3 x
3x3mm?® and a doping concentration of 0.5%, the curvature radius of M1 is — 100
mm, the transmittance of plano-plano OC is 2%, and the cavity length is 4.5 cm. The
concentric-ring pattern is printed on OC using a high-energy Q-switched laser which is
controlled by computer. In detail, the designed parameters of the concentric-ring pat-
tern are input into computer, and the pattern is printed by the laser automatically. The
Q-switched laser has an average output power of 300 W and a pulse repetition rate of
50 Hz, and the center wavelength is 355 nm. We print the pattern at Ronggao Laser
Company (Shanghai, China). For multi-vortex beams generation, the center of the
concentric-rings pattern is adjusted to the cavity axis. Meanwhile, the position of the
focal lens L2 is adjusted to optimize the pump mode area matching with the area of
the multi-vortex beams.

Measurement of the topological charge

In the experiment, ring-shaped apertures are used to separately select the multi-vortex
beams to pass. Then, the selected vortex beam is focused into the central position of
the cylindrical lens mode converter. The cylindrical lens mode converter is composed
of two identical cylindrical lenses. The distance between the cylindrical lenses is V 2f,
where f is the focal length of the cylindrical lenses. Then the vortex beams are con-
verted into HG beams. By counting the nodal line numbers of HG beams, the topo-
logical charges are obtained.
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Spatial encoding of multi-vortex beams

In the experiment, a DMD (V-7001, from VIALUX company, Germany) is used to
realize the proposed hexadecimal spatial encoding. The DMD consists of micro-mirror
arrays on the surface, and the angles of the micro-mirrors can be locally controlled by
a computer. Hence, the reflection directions of incident beams can be locally con-
trolled. According to the working principle of DMD, when the multi-vortex laser is in-
cident onto the DMD, a specific combination of the vortex beams can be controlled to
be reflected to the data transmission direction, then hexadecimal encoding of the
multi-vortex laser is realized.

Temporal encoding and TDM of pulsed vortex beams

In the experiment, the pulsed LGy, beam is firstly divided into two beams using a splitter,
then the two divided pulsed beams are fed into electro-optical modulators for temporal
encoding. In the encoding process, binary signals are transferred into time-varying voltage
signals that are synchronized with the pulses. Then, the voltage signals are loaded onto
the electro-optic modulators, forming time-varying transmittance functions which are
shown in the middle part of Fig. 6b. Finally, the pulsed beams are modulated and loaded
with binary signals. Before multiplexing of the two temporally encoded pulsed beams, a
delay line is used in one of the divided pulsed beams to introduce a half-pulse-cycle delay.
Then multiplexing with no crosstalk is achieved by using a combiner.
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