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Abstract: Vortex states of photons, electrons, and other particles are non-plane-wave solutions of the
corresponding wave equation with helicoidal wave fronts. These vortex states carry intrinsic orbital
angular momentum along their mean propagation direction, endowing their wave functions with a spiral
phase structure akin to whirlpool-like water flows or spinning tops. The distinctive properties of vortex
particles, such as their topological charge, transverse momentum distribution, and the presence of phase
singularities, have garnered significant attention across various scientific disciplines, including imaging
and communication, metamaterials, spectroscopy, atomic and nuclear structure, particle and hadron
physics, and even astrophysics, unlocking new dimensions of exploration. This article aims to
succinctly outline the experimental techniques for generating various vortex particles and the
corresponding detection methods, while delving into their impacts in diverse interactions, including

angular momentum transfer, extension of selection rules, modulation of atomic linear motion,
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adjustment of differential cross-sections and energy dissipation rates, as well as transformations of

photon polarization. Particular emphasis was placed on highlighting their invaluable scientific

contributions and application potential, especially in optimizing nuclear reaction mechanisms,

propelling innovations in particle accelerator technology, investigating the internal structure of hadrons,

and unraveling the deep architecture of neutron stars.

Key words: vortex state particles; orbital angular momentum; topological charge

Poynting!! T+ 1909 4 £ H H1 8 i Al GEH#E Y H
JiE A 3l & (spin angular momentum, SAM), £& 1 #&
018 i 38 06 R 7T SAM Hifiads, s /s IR O T
SAM WY HA =1 M, AARZEREAiE . B
iE fi 3 i (orbital angular momentum, OAM) M| 2 Hy,
T R U iR AR s — R s B, e A
T PRER ) SR T AE L 25 4 L, BR AR AL D e,
Horb 1 8RR AR M ar 5k OAM 1= 148, Pt bl IR
PR BUEL, SO 1 5 I A 48 O 1) D i 1) 88 e
4548 1Y B, LA R MR E 19 1] (L 4 8 3 s
) o JERIRIRIKER T SAM, 1 [a] 25 F4KHS T OAM.,
5500 = B E SRS [R], I E A e SR B
AHAL AT L, X 2 1 EET R AR B 9 R o A o D
g7 B IE R B, A ol MDG A 3l Y
A RN R R IS P TR 1, At AR AR 5
()16 i A A ) IZ B SR L TR IR - > R Ah
B 1 EE, VR — b A BN et T A, 1E
TERE 2 0 2 UG5 . AR, s R
ERR N 8 7/B2 N A Rt 7 B N S oL 7 BN N N 7/ B2l
Ko S

e 7 AR R IR AR AR R 0 Al 2 7 T3, TE
FE AR AR R R AT T Bl DL 87K . AR AN R T
g, KoY ETRE ST A IEER OAM &5,
BEAR Ry i e (FHLM ) 25 0 330 PR A fiff 1) 02 5 % 1) R 4K
ARG, AT — A REI T I — DR &Ik RoR,
QAT T AT 7R S S THD i 1 8 A0, B BOAT: T8 Y
ST B B I SR S 6 T (B A F SR T (BT A 7 B
5z Jhont 55, IR R 5K AR A I DR B 1) 3l i
Bl i Ll o TR AR /N B3 X b7 A45% Al 0 Bl ) 1%
B, 438 B 5K AR S R BRI, A T AR 1] 3] SF- T
W o DUZE IR Pt — AR T 50 7 f 1 3R 45
¥, AL g5 Y — BB G5 A . BT D ZEOR
PR IR A ) T THT B R JR 3k Ak AR H — 1k, Bl A
HA A [ 8 5 (H A [R]85 ) 2 5 1) DL 9E 2R & e
AR R AE o BRI BE b I LA 2 a7 1k i ik 3 7

e, AT AR BR N 1Y M 2 P7 55 K - = BT (Laguerre-
Gaussian, LG) #2005, &8 132 b 78 B 52 /Y 3
b rZ/BL LRI

AR SCHE B R AR WA E G 1 7 AR BOR AR
TBe, HR R E e 17 2 L IRINER, 3k
e = HAp ek 1 (b i 50 F) B AR
W, SRS R = RE IR E KL A2 B e BT Y Bl A
55 S5 53 T 108 KL 7E 2% A AR T2k 2 v 9 £ £
WU . WieR T 550 A EAE R 2 R
Bl RS, ¥ vE BRI, 38 5 O % AR Ak 4R R iR
T TN EE . BEAR, BERL T RE A A
OAM A iy it 148, R+ i+ i+ 2 9 ) f5
RS T REBAR, JF RE W R T AR ARy, WE K
TR A - A Wi HH EE SR (Bose-Einstein condens-
ation, BEC), Jy & T ST B3 25 . WA iehs 1
55 5% 0 AH ELAE FH A8 w5 50 e A e IR A
o TR SRR I MR K ) A AT Sk e i R
T+ e M E R ) kST, PR
M LR, X P i A% RS MR AR ML L 4R
FHEEHBEMZ)ZEW I B R R ERLA
WRZNE Lo MR, a0+ B P, e+
5B B BT AR BLAE T, X T 48 78 3 28 A i R
RE R T) 2207y L IR BN PE 2 O 2, IR
AR B R () LA o0

1 REEXF

1990 4EAH), AMTE UONR B IEOL R B A
BB RRET, IR A 18 5 IE G 2 B R
U, WG A KU RIOR ISR AR U AL
PSS B T AR Gl K 25 A U415 R R U v AR
1t 20 30 ZAE Y, i I TAR GO E AR 1Y 2 Rl
DA T AT AMRT WGARAS T A I e AR 1720,
EAEN—M R IER A O E R E T R
R 0 7 21230, IO 24 B 1 vb 1 A 4 40 i Ak
FRRA261 S 1 | R 4l AR A4 il BECERT30



5634

SRAEFLAE: W AR I BERL T 007 A S A R L AR R Bk

1171

DL AR BRI AR R guAh, e R
A AT SR R AR IR BRAE DS, S ik 15 P
WG AR C B BRGE ZE RN . AR H T R B
() 18 JiE 06 - AT AR G BCHL AR DY, 3 BUie 5% 12 3
1M 552 Z AR e G 152 IR, 237 AT R
B, LG pm /N 8 v P ST H O BR B Y
Az 9400 R T S B 4 ik g 0 R Ak 2P Tt AR AR
A1 (extreme ultraviolet, EUV) 2 {lil T 5 £k 8 46
KN IR R A BRI R T 28 f Al
i, BUV A1 X 5525 Bl A9 30 e 6 s n] 42 5
b BUBE 0 X B R T SRR 5K ik 2= 42 ik
AL B G VE 4 A AR R 8 T ST DL K
TR A P T B AR 8 MO AR A AR el P
JHE A 55 5 £ 0] B Ay O A% ) BRI 5 T RE BT 1Y) AT Rg
o NERIS F VAT C 8k B T 2R A%
TR SE IR BT BE RN S, R BN TR B E
TG e 1Y T B0, JF A A% S Iz o iy i B 2
& W s U N e | S N P S &
KAy PRI v = A 4 5259, Lk pR BRI
JoE P JBT S B0 T AR S 0 3 R R R B A 8 v 4]
W22 2 #8285 (superkick) &8 5%, A BY T # 7
T PR g KA P I
L1 REEFHFETE

TE L 5 BB A 8], Bl B2 BOR 1A W it
5 R, BRI TECHR AR B R JEIF T 24
R R 52, B B £ 394 087 2% 0 ]
WoRKo X— B, AT 7 RETE A B A R

FIH 25 DGR 2% . SREAH £ A (spiral phase plate,
SPP). JT5 4 BLAR 5 2 il s ] 77 A= 26 5 ok A1) 38 i
BECH, HIF & T 1ECEF IR FR iR O 4 &
| TR A S T Bl B S T A PR SN A B R Sk
SEEROL, R B TR AR LM 2 Y s U I
AEBT-ON 5 R 9 E D' PR I i £ 75 )
TEERT. BAMERT 68 MU FMar E R i
10 010 A BESE 71021, X — AUt ToBEMR R M ™ fig
TIREOC R A T E S AL T R B
AT G R LA R HA v GO 2 g il iy
w1,

111 ZSREAT T s A ol R
B I 48455037 19 23 T AR 67 43 A1 >k S 3SR 2 10t
WG AR FE S T B 30 Ao FLA R R R T A Y A
() #2547 B, 33k 26 5T 1 e 7 HAL 4R A2 Lt T R
Y AR 3 A1, BVTE HL 37 0 A b 98 3 S $303 19 A A2
RS, ARG AT BRI ZE M . MG
FHT e #E A RE I A O 2% a8 R, R R 456
ST RO il R T % 0 R o (TN i | (1) ST £ 2050 €t e £
23 [ AR S 43 A (04051 330 26 88 A0 356 (HURS B T [T A
070 SPPUITSL AR 4 EL TS 2 ] i
A TR QAR S5 3k BBy P AFAE — LR i
7 () g A 75 B R IR BR 25 ), A S8 F- T O B
9 OAM S (1) ST Ak B s B 33k 238 2 S B v Al
AWRE, B OAM EHR B EA IR, UL K H
T BT TR 9 OAM Bl 38 B b R I 5 350 S 41
A A B A 1 LR R A R B,

F1 OAM Z[E £ K AR LLE

Table 1 Comparison of spatial generation techniques of OAM!!

. AN 7] 23 ] A R A L AR
TSR " N R
AL SPP A4 B 2= DL 4% Q- AR

A —fig % i [ # {1
OAM A= i LSS i i B/ B i

R fi& i ik = ] fi

s Ji i i 7 b )

RETRZ mTIR 2 2 i 7r‘$ 2 7

FNLHERE fi& i ] = {8 ]

TE B X8 SR A 10 P 6 s T D't R A B AR
2GR R T B BT LA B0™ A

I S B TR 5 R NI 7 S R 37 i

B R A L eSS R, th— R

TR AR T T (OoE1) Ja 91 sl Al o 48
P HE S AR 9 A R b, BERS B R 47 3 5 4 A
B RIS AR ARARAS o 3 S 3 1 T R ) 24
TEHIRTRHA R A, 045 B T IR 9 R S5 F B e



1172

FETREREHAR 58k

LHR YK G54, TATRETE 9K GO0 I 2ok
Y, 3980 OAM JEAU i A= 1. HH L FAR SR T
I A5 4 3 AR v A A7 SR, R R T RE A A Y
B T A 30 e R T I S BRG0Pk 3 ) A
ST B AR ARk o R AR A0 T B
TR IUART A o sh A AL LA B B8 555 A 45 22 ol
B, 3% 35 11 5 sl 75 68 2R 11 0 B AR R AT
RE A2 BT SRORS B 1 2 et o A 9,

1.1.2 JGEFARITE R ES IR LA T
Az IR T G R e AR v, H A A LR
PERR S, A AMERLS) 52 BN 20, BRI
IF1] {4 FE B AR AT 5 SRS A B0 B 43 A (AN
FaE e, Rk, 725 BLGEF N IR B0 T8 TE Ot s A
B R X A T B N A A A R R, O T
W G EF 1 36 1) T e ' TR A B G856 4 S 1k T
1510 SR8 R AT SRy BRAAE O, SR, SR FRS 01
M R SEET W B T o8 0y . X2k
JEEF P LM RS 1 45 0 S 0T R M, RERS T A 5t
LR RS 2 SRR R AR e 40 5 7 Bk
JE X FRHEFN AL L5 100 F S OB LR, 78 iR et
SR A% i 5 42 T 7 TR 2 IR A 930,

113 STk K i e 1 A A
% EUV J5 & X P4 X, & 7F nm J5 £ i
TR SEHL R A DG AL BR . Bl % AH G,
AR &, 1 i YO B 7 2E (high harmonic
generation, HHG) % =Bt R34 9 1 i B it e 't
WY P A AT AT ST, HHG B —AN 35 7 T2
SE A AT PR R, TR 3R Bl 2% 44 A B S 5 s 0
B B701 3 — R (A5 o R BK Bl O
H A5 A 5 [0 A Il £ AR AR FH R 22 ) HHG 4% 5

ot T e e 211

BT
O

(7 OAM J& 1 iy B S, 275 1 — e T30t (1
A 5 B 5 v A RO Dk b AR B DA RS
B R 5 5RO Dk A B ) B804 i 2% (40
[F] 20 I 2% A A B RO g ) 08, DL
B 451 2L, BIVEE 7 A= (B i 41 ' 9 855 I8 3 4 5
FRRLAR A, I B A ) B i R A AR R, S
ffi 8l & (total angular momentum, TAM) & n, H:H
n RIEIEE . FET AR A ZHE, HHG fer- 4
AT B AR T M B I HE 10100,

AR EENG A B F OGRS (free electron
laser, FEL) HY/E A IS BE: BP9 & AL T FEL AN E3
FEMERZ R AR I P R, AR LR A A
FHW A Ko B P AL, 25 70 % B2 RS B I8 iUROR
ARDON 53 o i ] 3k 1 R SR S RT T 4% i
S, X T AR T HORIR A R IR A5 R L
AT 5 e 11021 R sk AT 35— £ 500 3 ) s HE S
B R A BB E TR A H R, (A5 R TR SR D
HED B E (8 22 )22 0858 ) 25480, FH T £ #54 OAM
B A 600, 2 5 Hemsing S H A BA 2 H T F
FH FEL JE35 77 A4 #5717 OAM Y X B4R it 7 220104,
IFSERL T IR I R SE I Sk, anlEl 1 R, AUE
L AR O A e 4 2%, T BOG B T AR
FEL H A 3530k OAM AR, 13X — 8Bk R S8
o 5 R TR S X IR 1Y 7 A B T A0,
Hb, FETHTAR PR AR T B, mla ) R R
H ) Bl SR R g fe 42 o 18 T D' 1) B[] 3 A, A
A= BTED Bk b 4 B O AM S0 001, B T I & [R] £
AR HE R S AR T R B S T A Dy e e
SR U7 F R FEL DL WE A AH i 80 2 19
LG BT Z ML, 16 4 D EARH ™A T K

Wi R \ }

IR T3R

Wbk
R

%
AL

AHAL2

AT B AR X 9 P T R MR 3 4% T B R PR O AR LA Y, AR L TR SR AR O P i R AR R R vt

IR, TR GEEE, S AT RA R

o RE AL A L TR B R RE R A T (B R SR .

T i SO AT A WL T SRTE - T 7 4 R LR BSUR 3485 7 OAML B9
P 1 FEL A o™ A et i 2 30 i B 1os)

Fig. 1 Experimental illustration of generating vortex light by FEL modulated electron beam!!%!
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Fig. 2 Spiral phase plates used to generate vortex electron beams!
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Fig. 11 Dynamical control of nuclear isomer depletion via electron vortex beam
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Table 2 Current progress overview of vortex particle research
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