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Abstract: Vortex beams possess helical phase wavefronts and carry orbital angular momentum (OAM).
According to polarization characteristics, they can be classified as scalar and vector vortex beams. Scalar
vortex beams usually have nearly uniform polarization distributions. Vector vortex beams additionally ex-
hibit spatially varying polarization structures. These distinctive field properties support applications in mi-
croscopy, material processing, optical communication, and quantum information. In recent years, intra-
cavity generation techniques for vortex beams have continued to develop. They offer advantages in mode
purity, output power, and system stability. This review summarizes recent progress in vortex-beam la-
sers. It introduces the generation principles of scalar and vector vortex beams. It also discusses their imple-
mentation methods and technical characteristics. Intracavity gain modulation, intracavity loss modulation,

and extracavity device-based control are compared. Their advantages, limitations, and applicable condi-
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tions are evaluated. Special attention is given to mid-infrared vortex-beam lasers. The review outlines non-
linear optical up-conversion and down-conversion routes. It also summarizes their main implementation ap-
proaches and representative research progress. Different schemes are compared in terms of wavelength ex-
tension, OAM mode control, and pulse characteristics. Particular emphasis is placed on relationships
among laser sources, modulation methods, and conversion processes. The comparison highlights how
each route balances flexibility, efficiency, stability, and implementation complexity. The review further
distinguishes source-generation problems from vortex-mode control problems. It also discusses the cou-
pling between these two aspects. Key challenges include crystal compatibility, phase matching, thermal
effects, and optical damage. Other challenges involve spatial mode matching, mode purity, and faithful
OAM transfer. The review finally discusses future development trends. Possible directions include higher
mode purity, broader wavelength coverage, shorter pulses, and greater system integration. These discus-
sions support a clearer understanding of current opportunities and remaining limitations. This work aims to
clarify the main technical routes in this field. It also provides a reference for future research on mid-infrared
vortex-beam lasers.
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Overview of the classification, generation mechanisms, implementation methods, and application scenarios of vor-
tex beams. This figure summarizes the overall framework of this review, including the basic classification of scalar
and vector vortex beams, the corresponding generation mechanisms such as phase/OAM modulation and coupled
phase - polarization modulation, as well as typical implementation methods including external device-based modula-
tion, intracavity gain modulation, intracavity loss modulation, and mode-selection mechanisms. It also highlights
key issues in mid-infrared vortex beam lasers, such as nonlinear frequency conversion, crystal compatibility, spatial
mode matching, and OAM transfer fidelity, and presents the application prospects of vortex beams in optical com-

munication, quantum information, optical manipulation, precision processing, and imaging.
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Fig.2 Left is simulation diagrams of the intensity distri-

bution of Laguerre-Gaussian (L.G) beams. The
value of 1 (azimuthal index) varies from left to
right as 1, 2, 5, and 10; the value of p (radial in-
dex) varies from top to bottom as 0, 1, and 2;
Right is simulation diagrams of the phase distribu-
tion of LG beams, where the values of | and p cor-

respond to those on the left
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Fig.3 (a)Optical path using a capillary fiber as a low-loss beam shaping element"™”

; (b) Optical path diagram for generat-

ing high-purity vortex beams with a center-punched mirror™ ; (¢) Laser optical path structure combining a high-

gain single-crystal fiber and an integrated spiral output coupler, along with its beam profile and phase dislribulion“”'

(d) Optical path structure diagram for achieving spatial loss modulation via laser-scribed cavity mirrors™ ; (e)

Overall structure of a Yb: CALGO vortex laser oscillator utilizing a semiconductor saturable absorber mirror (SES*

AM)-assisted Kerr mode locking and transverse mode control with a spot-defect mirror
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Tab.1 Comparison of key performance parameters in representative scalar vortex beam lasers

Wave- Pulse re-
Year Author Strategy Mode/TC Power/energy . Purity / efficiency Ref.
length/nm gime
. 7=33%/31%/29% ;
2013 Kim e al. Annular pump 1064 LGy LGy, 410/380/298 mW CwW , [27]
M?*=2.0/2.9/3.7
) Annular pump with 1647.7/ 2.6 W/450 mW ; CW/Q-  65ns, 1kHz;right-hand-
2017  Liuetal. ] LGy, ] [28]
center-punched mirror 1619.5 0.66 mJ switched ed LG,
) Intracavity spin-orbit 120 mW for LG; Purity~97%/93% ;
2019 Wei et al. _ 1064 LGy /LGy, CW [32]
conversion ~80—90 mW for LG, n~=11%/5.1%
) 7=62.5%;
Geberbauer  Mode-transforming 31.3 W;303 pJ at 100 ) )
2021 1064 LG, /HG,, Q-switched purity=95. 2% ; [33]
etal. ocC kHz
up to 600 kHz
Thin-disk mode LGy, 7.=40.7%;
2023 Chen et al. 1030 101 W CW [34]
control rc=+1 No0=33.3%
, 63.3 W; P=67%/47%;
2024 Zhaoetal.  SCF +spiral-face OC ~1030 [=+1/—38 CW . [29]
>44 W at [=—38 purity=>90%
Inscribed loss 0.3—1.0W; Transmission-stable high-
2018 Qiao et al. . 1064 1=1-288 CwW A [30]
modulation 600 mW at /=225 charge vortices
) SESAM +defect 75.7fs, 18. 2 nm bandwidth;
2025  Liu et al. . 1030 LG,,.l0=1 3.2W [31]
mirror 59.56 MHz RMS=0.72% at 2.53 W

Notes: LG, Laguerre-Gaussian; TC, topological charge; CW, continuous-wave operation; OC, output coupler; HG,

Hermite-Gaussian; SCF, single-crystal fiber; SESAM, semiconductor saturable absorber mirror; RMS, root mean

square; 7, slope efficiency; 7o,
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Fig.4 Intensity, phase, and polarization-orientation distributions of vector vortex beams with different orders. The left

group shows the total intensity distributions of vector vortex beams and their component intensity distributions pro-

jected along two orthogonal polarization analysis directions. The middle column presents the corresponding phase

distributions, and the right column shows the corresponding polarization-orientation distributions. From top to bot-

tom, the rows correspond to first-, second-, and fifth-order vector vortex beams, respectively
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(a) Schematic diagram of the Er: YAG laser reso-
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Fig. 5
nator. The insets show the cross-section of the
capillary fiber (top left) and the near-field spot dis-
tribution of the pump light after exiting the capil-
lary fiber (top right)™’; (b) Structure of the reso-
nator with a spot-defect mirror™ ; (c) System

structure diagram of the triangular optical cavity

for vortex beam discrimination"*
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Tab.2 Comparison of key performance parameters in representative vector vortex beam generation methods

Year Author Method System/2 Mode Output/q Quality/tunability Ref.
) 13.1 W; 7.=48%; )
2011 Kim ez al. AP Er: YAG/1 645 nm RP-LG, M*=1.9—2.4 [36]
Pth=5.8 W
Yb:YAG/1030, 1050 1.36 W3 M=1+1;
2019 Chen ez al. AP-ML LGo,,, /=14 [37]
nm Mo o=17.5% dual-A
LG-LGgs
2010 Tto et al. SDM Nd:YAG/~1 064 nm V-LG,V-BG — [39]
Pol. verified
Arbitrary HOP;
2016 Naidoo ez al. QP Nd:YAG/~1 064 nm HOP,|/|=1,10 — ) [49]
purity >98%
2018 Zhang et al. SLM-QWP LC-SLM/532 nm HyOPS-VVB ngen~56. 3% Arbitrary HyOPS [45]
1DMD=5% ;
2024 Lietal. DMD-WP DMD/632. 8 nm p=10;PO<25 ) VQF=96%, 98% (48]
purity=97. 23%
, HyPS-VVB; 7S0O>99.5%;
2025  Yaoetal. SQP-PDS QP/532 nm Gouy effect analyzed — [50]
TC<16 Tsys>17.6%
3.89—4.07 THz; Temp. /Dir. /
2025 Gao et al. MS VO.,-MS/THz 4-channel VB [51]
6.83 THz CP control

Notes: AP, annular pump; AP-ML, annular-pump microchip laser; SDM, spot-defect mirror; IQP, intracavity q-
plate; SLM-QWP, liquid-crystal spatial light modulator combined with a quarter-wave plate; DMD-WP, digital micro-
mirror device combined with a Wollaston prism; SQP-PDS, single g-plate with a phase-delay system; MS, metasur-
face; RP-L.G,, radially polarized LG mode; V-LG, vector Laguerre - Gaussian beam; V-BG, vector Bessel - Gauss-
ian beam; HOP, higher-order Poincaré sphere beam; HyOPS/HyPS, hybrid-order Poincaré sphere; VVB, vector vor-
tex beam; PO, polarization order; TC, topological charge; CP, circular polarization; 7., slope efficiency; 7., optical-
to-optical efficiency; mgen, generation efficiency; nDMD, DMD modulation efficiency; 1nSO, spin - orbit conversion ef-

“

ficiency; Tsys, system transmission efficiency. “—" indicates that output power or efficiency was not emphasized as a

key metric in the cited work.
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Fig. 9

(a) Mid-infrared KTP optical parametric oscillation setup pumped by 1 pm vortex light'™; (b) Experimental setup

diagram for generating tunable mid-infrared (6. 3-12 pm) optical vortices using a ZGP difference frequency genera-

tor pumped by a 2 pm optical vortex laser™; (¢) Experimental setup diagram for generating mid-infrared femtosec-

ond vortex beams based on a synchronously pumped optical parametric oscillator'™’
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Tab. 3 Comparison of key performance indicators in representative mid-infrared scalar vortex beam lasers

Wavelength / Pulse
Year Author Method . Mode order . Key result Ref.
tuning regime
) Vortex-pumped Fractional TC 0.5 mJ fractional vortex pulse;
2011 Miyamoto et al. ~2 pm ns pulse [74]
KTP-OPO =0.5; TC=1 0.24 mJ] TC=1 vortex pulse
) Same TC as >135pJ at 6. 3~7.0 pm;
2014 Furuki et al. ZGP-DFG 6.3~12 pm ns pulse [71]
pump long-wave MIR vortex output
, 6.8 W at /=1;7=27.2%;
2018  Aadhiezal. CW T-SRO 2 276~3 576 nm [=1—6 CwW [77]

Synchronously

2020 Tong et al. pumped OPO + 2 323~2 382 nm

mode converter

Idler-resonant

KTA-OPO

2024 Zhou et al. MIR idler output

1st—6th order

OAM tunable
from 0 to =10

0.7 W at [=6

Pulse duration tunable
fs / ps [72]
from ~400 fs to ~1. 1 ps

LG petal-like modes;0. 8/0. 53/0. 46
ns pulse 73]
mJ for L(J\U, i;/LGz), :S/LG!J» +10
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Fig. 10 (a)Structure diagram of the dual-crystal resonant optical parametric oscillator”™; (b) System and intensity distribu-

tion diagrams of a cavity-length-tunable optical parametric oscillator for generating mid-infrared high-order

Laguerre-Gaussian (L.G) beams'™
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