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Section 1. Derivation of relationship between vortex oscillation pump threshold and the concentric-rings pattern parameters 
When using MOTMA method to design specific multi-vortex beams generation, relationship between the pump thresholds and the topological charge numbers should be first obtained. Here, the process is conducted. Now consider LG0l vortex mode oscillating in cavity, whose threshold pump power is given by [1]

                        (S1)
[bookmark: _Hlk8810581][bookmark: _Hlk8810593][bookmark: _Hlk8810626]where h is the Planck constant, νp is the pump light frequency, σ is the emission cross-section of the gain medium, τf is the fluorescence lifetime of the gain medium, ηq is the pumping quantum efficiency, ηa is the pumping absorption efficiency, and d is the length of the gain medium. rp(r, z) and s0l(r, z) are the normalized pump intensity distribution and the normalized laser intensity distribution, respectively. L0 is the loss of the gain medium. Ll is the loss of the cavity mirror for LG0l mode, and it is related to the OC transmittance (T0) and the concentric-rings pattern parameters of the central circle radius r0, the inside radius of the i-th ring ri1, the outside radius of the i-th ring ri2, the number of the rings n, and the reflectivity R of the concave mirror. Ll can be expressed as 

                (S2)

where fl(r) is the normalized laser intensity distribution of LG0l mode on the OC () , and it can be expressed as   

                                  (S3)
where ω0 is TEM00 mode radius on the OC. T(T0, r0, ri1, ri2, n, r) in Eq. S2 is the transmittance distribution of the OC, which can be expressed as

       (S4)
Substituting Eq. S3 and S4 into Eq. S2, Ll can be calculated as 

                 (S5)
where

                             (S6)
In Eq. S1, rp (r, z) and s0l (r, z) can be expressed as:  

                             (S7)
where ωp is the radius of the pump beam in the gain medium, α is the absorption coefficient of the gain medium at the pump wavelength, ωl is the TEM00 mode radius in the gain medium, and d is the length of the gain medium. Assuming the diffraction spreading of the pump beam and laser beam is negligible over the length of the gain medium, substituting Eq. S7 into the integral in Eq. S1, the integral can be calculated as:    

                         (S8)
Now defining the ratio of the pump beam radius to the TEM00 mode radius as μ=ωp/ωl, Eq. S8 can be rewritten as

                           (S9)
Now substituting Eqs. S5 and S9 into Eq. S1, the threshold pump power for LG0l mode oscillation is calculated to be

  (S10)
By calculating Eq. S10, relationship between vortex oscillation pump threshold and the concentric-rings pattern parameters can be obtained. Accordingly, the objective vortices having the oscillation threshold minima can be obtained by designing the parameter of the concentric-rings pattern printed on OC (see Fig. 2b and 2c of the manuscript). In the calculation, the used parameters (excluding the parameters of the concentric-ring pattern) are as follows: νp=371.3 THz, σ =250×10-20 cm-2, ωl=135 μm, τf =90 μs, ηa=87%, ηq=50%, μ=10.95, L0=0.012, T0=2% and R=99.97%.
Section 2. Self-mode-locking results of LG0,118 vortex beam
The complete self-mode-locking results of LG0,118 vortex beam are shown in Fig. S1. The pulse trains in 200 ns and 10 ns time scales present a stable mode locking (Fig. S1a). The ratio frequency (RF) spectrum in Fig. S1b shows a signal-to-noise ratio of 41 dB, further indicating the clean mode-locking operation. The single pulse profile shows a pulse width of 48 ps (Fig. S1c). The optical spectrum is shown in Fig. S1d, and the center wavelength is 1064 nm.
Section 3. Experiments of time-space division multiplexing of multi-vortex beams
The process of time-space division multiplexing (TSDM) of the generated picosecond multi-vortex beams is shown in Fig. S2. Firstly, the generated multi-vortex beams are divided into four single-charge vortex beams. Then, time-division multiplexing (TDM) of the four vortex beams is separately performed with the same process as described in the manuscript. Finally, the four time-division multiplexed vortex beams are space-division multiplexed, and TSDM of multi-vortex beams can be achieved. In the experiment, due to lack of free-space type of electro-optic modulators, we do not modulate the pulses to load temporal signals. Instead, we regard that the pulses carry temporal signals of “1”. In addition, to further simplify the experimental process, we also omit the division process of the multi-vortex beams. Eventually, we build up a Michelson interferometer-based scheme to demonstrate TSDM of multi-vortex beams. As shown in Fig. S3, a splitter mirror is used to divide the multi-vortex beams into two parts. The two parts are reflected by M1 and M2 and are finally combined. In the experiment, the position of M2 is adjusted to form a half-cavity cycle delay between the two paths for realizing TDM of the multi-vortex beams. The intensity profiles of the time-space division multiplexed multi-vortex beams are shown in Fig. S4a, and each vortex beam carries two groups of temporal signals of “1” (Fig. S4b). Therefore, we perform the proof-of-concept demonstration on TSDM of the generated multi-vortex beams.
References
1. Clarkson WA, Hanna DC (1989), Journal of Modern Optics 36: 483-498.

[image: 1574068050(1)]
Figure S1 Self-mode-locking results of LG0,118 vortex beam. a Pulse trains in 200 ns and 10 ns time scales. b Ratio frequency (RF) spectrum of mode-locked pulses. c Single pulse profile. Insert: spatial intensity profile of LG0,118 vortex beam. d Optical spectrum of the mode-locked pulses.
[image: Supplementary Figure S2]
Figure S2 TSDM process using the picosecond multi-vortex beams.

[image: Supplementary Figure S3]
Figure S3 Experimental setup for TSDM of multi-vortex beams.
[image: Supplementary Figure S4]

Figure S4 Measured results of TSDM of multi-vortex beams. a Intensity profile of the multiplexed multi-vortex beams. b Pulse trains of the multiplexed multi-vortex beams.
S5

oleObject1.bin

image2.wmf
{

}

00120012

(,,,,,)ln1-()(,,,,,)

liilii

LTrrrnRfrTTrrrnrdsR

éù

=-

ëû

ò


oleObject2.bin

image3.wmf
ò

º

1

)

(

ds

r

f

l


oleObject3.bin

image4.wmf
22

222

000

222

()()exp()

!

l

l

rr

fr

l

pwww

=-


oleObject4.bin

image5.wmf
011122122312

0012

0

1,[,][,][,][,)(..100%)

(,,,,,)

,

n

ii

rrrrrrrriethecavityloss

TTrrrnr

Telse

ÎÈÈÈÈ¥=

ì

=

í

î

L


oleObject5.bin

image6.wmf
00120021

=1=1

(,,,,,)-ln(1)()()()

nn

liiii

ii

LTrrrnRTrrrR

ìü

éù

=-G+G-G

íý

êú

ëû

îþ

åå


oleObject6.bin

image7.wmf
22

22

0

00

122

()exp

()!

lm

l

m

xx

x

lm

ww

-

=

æöæö

G=

ç÷ç÷

-

èøèø

å


oleObject7.bin

image8.wmf
2

22

22

0

222

22

(,)exp()

1

222

(,)()exp()

!

z

p

d

pp

l

l

lll

er

rrz

e

rr

srz

ld

a

a

a

pww

pwww

-

-

=-

-

=-


oleObject8.bin

image9.wmf
2

0

2222

21

(,)(,)()

p

l

pl

lplp

rrzsrzdV

d

w

pwwww

=

++

ò


oleObject9.bin

image10.wmf
2

0

221

2

(,)(,)

(1)

l

pl

l

l

rrzsrzdV

d

m

pwm

+

=

+

ò


oleObject10.bin

image11.wmf
2

2121

000021

22

=1=1

1+1+

()ln(1)()()()

4

ll

nn

pl

thlii

ll

ii

fqa

h

PLGLTrrrR

pnw

mm

sthhmm

++

ìü

éù

=--G+G-G

íý

êú

ëû

îþ

åå

（

）

（

）


oleObject11.bin

image12.png
20 40 60 80 100 120 140 160 180
Time (ns)

200

0 1 2 3 4 5 3 7 8

0.

Intensity (a.u.)

o
N

0.0

°
>

°
IS

Time (ns)

=118
48ps "

"1120-100 -80 -60 40 20 0 20 40 60 80 100 120
Time (ps)

Intensity (dB)

d

Intensity (a. u.)

100

20 22 24 26 28 30 32 34 36 38 40 42 44

Frequency (GHz)

1.04

e
@

4
>

o
Y

o
N

0.0

1030

1040

1050

1060 1070 1080 1090 1100
Wavelength (nm)




image13.jpeg
I=1 vortex

—_

/=18 vortex l

/=58 vortex

I= vortex

channel 1
channel 2
channel 3
channel4 | ®)
Q.
channel 5 E
Q
channel 6 3
channel 7
channel 8

LI

TTT

Transmit




image14.jpeg
Multi vortex laser

Splitter

M2




image15.jpeg
=T

Intensity (a.u. )
oococoo0=~

8
.6
.4
.2
0

|

b

|

_] 1111111111111111111111111111111111111111111111111111111111111111

|

|

0

2 3

)

4 5 6 7 8
Time (ns)
1111111111111111111111111111

9 10

0.8
206
50.4
§o.2

U

i

T

6 8
Time (ns)

?1 L0 411111111111111111111111111111111111111.

10

11111111111111111111111111

Zo.04
0

=10

1111111111

1111111111111

Time (ns)

1111111111111111111111111111111111111111

6
Time (ns)

10




image1.wmf
00012

0

0

(,,,,,)

()

2

(,)(,)

p

lii

thl

fqa

pl

h

LLTrrrnR

PLG

d

rrzsrzdV

n

sthh

+

=

ò


