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Theoretical investigation of relativistic vortex high-order harmonics
generation and manipulation
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Abstract: Vortex beams with ultra-high brilliance can greatly enrich the light and matter interaction process and
even shed light on the unexpected information in relativistic nonlinear optics. Thus, we propose a scheme for
relativistic intense vortex harmonic radiation by use of bi-circular Laguerre-Gaussian lasers irradiating relativistic
plasmas. According to the law of conservation of photon energy and angular momentum during the generation of
higher-order harmonics, the emitted harmonics own controllable spin and orbital angular momentum simultaneously,
as the three-dimensional particle-in-cell simulation results shown. Based on this discussion, the methods of adjusting
harmonic order, polarization state (spin angular momentum) and topological charge number (orbital angular
momentum) are proposed. It is found that if frequency ratio and circular polarization state of the bi-chromatic
Laguerre-Gaussian laser are changed, such as with the same right-handed or left-handed circular polarization. The
harmonic characteristics, including the harmonic order, the polarization state and the vortex order are flexibly
controlled. Therefore, this work provides an efficient and practical approach to produce bright, spectral tunable
harmonic radiation with designable spin and orbital angular momentum, which may own the application prospect
going from optical communications, bio-photonics, optical micromanipulations to ion accelerations.

Key words:  vortex beams, Laguerre-Gaussian lasers, spin angular momentum, orbital angular momentum,

harmonic radiation

AR TR, AR it S e — AR R TOL T B A R . DT R A S e TR A s (B ieA s S AR AR Bl
o (PUE s PR 4l a . b, A RESA 3l i -5 89 I IR 2500 5¢ CRAOL 7 T #8517 89 1 e A 3h B on - g IH1
— AL B W R o = 0N R ARARAS, o = £ 170008 AT B L 72 T I 9k 25, O < lor| < 1U 27 i B PR 285 ) , Tl AL a8

* I RS H#A:2022-08-21;  &iT A#A:2023-01-19
HLTR: WA E TR0 H 55 H (20A042) 5 [ 5 B A 5 B (X2020012)
BRARN:T 6, abie007@163.com,

051003-1


http://dx.doi.org/10.11884/HPLPB202335.220256
mailto:abie007@163.com

weOoW s 5 Ol TR

F i W e T S AL M o 505 P A S i L AR gk AR i e IR, B — AN SRR AR 2 AT BRI AR
132 73 exp (il CHH, o 2 S T A4 R A TR 7 57 5 1 — B b B0, AR IR 7 50, 4 4 M Ik 1327 B0 1 B #5417 1Y
B A S BRCE RN N IR) o oAb, B ERR CREER R L) A 8 450 T 3 20 A1 J2 T BEOE AR A 55 — S SBUARAE . fhy T
PR R ' SR A 3 e 4 ' SR T AN R B0 R o R B S BRI TSR, DR AR T 2 BHOE A i kU, B
BT, A DL 28 30 2 A BE AR B (BB /N ) T 8 e TR 77 A 07 ik 2 0 5 O 3 (A R A S A L 2 IR OIG 91 ol
85D, TG AR | O Gl LUK 0 B R AR TR L 23RS T T2 B

B BT AN WTTR A, TREESN S AR X G Ber w52 B2 | B (2 (B AR 8 e o ey T JFL 4 47 1) 98 7 T
JHVRIT 5% T 32 0 AR D' 27 U 7 B R SR, BUA B AR AR ARAT %4 BEAY =1 B 16 i€ ' SR T A7 7 — 7 R A,
SR BT ABT T BT EOR, e JE T 0 A5 04 R Rk 2 (A ) 205 i S 2 B R X 2R ) el T OR ED) T g
RS OR, AT LA AR R RO R, (EUR AR TR L A e B, M LI I8 5 ) i K RO S AR R
e 5 AH ELAE IR o U D S A A IR ] RLJEE Sy SR 28 ) o £ L2 )R 1 R A TR SR A 2R R XA AR A
55 — A A RGR AR, AT RPN S S A h i O &, %007 Wk W A 3 T n] 0T A /N RME | fi
Tz B TR AR R TR U Y A P A A BT T A v M R O T A A,
R A 32 2 BRAIL Al ) 22 S ) =20 AR R il ik (RO A A0 e AE 3RS OEAE T A AR BE 57 A s | g | B ey
SRR A IR RO T Jo EE AT RS EMALE ARG EALE" > LA T R AR S AL
CHerp, DB IR G B AL th TSRS Al ), NS e o iz ) o A ECE P PR UMK 75, 45 8 7 A BRI 1 i
BEAT RS (L, X SR 2 i 56 8 AT R, PR Al 2R A L rp R AT S8 i LA RO S I AR A . AEE R A R IR
T I AR SR T R, R T 58 ORI 3 EE oy 122, T 1) 4 I 149 SR TR 4 4006 14 28 i 30 1 A 3K 20
VRS AR A TR AT D) B AT 800 W A DL 5 L e AT A5 e 4 A 3 5 vy 00 R L T 0 T 7 A o U R 1)
B U B i 1R 25 55 2 O AT AR B IR P 45 ) T A P PR UM 5 S5 8 TR PR RAS T iz ™ BT E A MBS CR
QERAE RO T3 28 b 5 AT AT LT A 2l 00 o 5 R v S O AU 25 3 v S8 OG5 T 45 8 1 A EL AR T, U B2
ARG 5 B T A B SR L) | R R (. fs 22 as 5 20) | Al I (TR 55 Ah 2 e XA 4inl B ) EL IRt #8574 B e £
55 HUIE A S R S UGB SR o PRI, A SCRERATTRR 1M XU 7 8 2% v 0 O B Bl [ R S B AR A
AP R X 1 8 i 41 T B v U D O ) BT R, OF R =Mk T B R RS T AT AT o A, FRATT AR R
A rp O T RE R S A i TR E A A, BIE B AT Tz AR AR BEALA o FRATTA B A AR, AR SR
FETAERL R ARG m 5E B L GRS A T 2 00 X 4 B i) s I i T Ol oA 5 B TR A0 Bl , 28 A 163 T8 016 o ) 07 A X Ol
5 L 3 R AR R R BOR B A AU U
1 HFEMSHRERSN

FATTH T U5 0oL AU e EPOCH e i 5 88 R 1940 0000437 5t 7 o ST 0K 8 2 25 8 1 IACIBIUA T T v VRS
PR R B BT T SRR P R R TEOL 65 0 A TR A

Var) r 27 nt
a(LG)y) = aO[ p ) CXP(—;)exp(il¢)exp(iwt)(—1)”Lﬁ,(r—)sinz( ) (1)
0

2 2 2ty

2 e K Bl O i IR 2 S A I TR IR B A = 0 = 1 pm, kb KO S B BE AR 23 ) T = 240 = 50 s,
rn=ro=2um. JH—AHIGIEIE N a) = elEr|/mewic = 10, HoH, w, E\J3 51 R HE 55 0K 3 O B9 #5055 L 308 B2
e,me, 43 ) A HL I HL R R BT S LA TR OB Ly b R A A BK SO A U (B ) R O T = 1.37x
102 W /em?, i Jig B 20 (30 $b amr £0) o 1 = 15 A% 950 3K 3 o6 T 5 RO AR B (22 e B i 4R D) L K A, =
A0/2 =0.5 pm, AH R AY 153 € B 40 CHRH AT E00) Ml = 25 HEAOCHES B (i W R D AR | ko K B2 | AR BB AR 48 ) 5 0k
BOGIRF— B, UL S ZABUG YT (e 7 1)) 38 B4R IR AR OROR B iR 5 . A SE B A T R
N = 100N, (N, = (mesow}) /€9 5 B F PRI FL 3 1, eof Q3 255 i Al 34D, B B8 F IR bR K B M L, = 0054,
B RCE N RN B (T8 13 3 i I ) RUBE 8 K T H -, i R e Tk i 806 5 45 8 1 AR A 6 AT i U D
Je— M ARE PR R, P 112 Bl B S S8 4x T DL ) o BN T B RUST B T 30, (6) X 2040 () X 204 (2),
373 #9 P RS B 1500 (x) % 200 () X 200 (2), B4 PIAS BCE 8 D20k T (236 % BRI ST R E SR ) o 45
1R W W32 S 2%

P 1SR 1AL AU 5 T SR FH A 0068 7 35 21K o 20 BIK 3l 901G H 37 i 88 2 () 43 A &, e, 181 1(a) S 3R 201

051003-2



TSI AR IR IR R I AR S R AR R
E/(V-m! - o
15 ( ) s E/V-mY) | EJ(V'm )3
(@ 2x1013 ®) . © 1.5%10"
10 F 10k 1x10 10 ¢ 1.0x10'
Ll . . ) e
< o} < <
: 3 [ ImEm Ok
S S Sy e
~10} -10 ixqon 10F —1.0x107
| I ) ) ) —4x10" : : : : : : : : : : —1.5x10"
-15-10 =5 0 5 -10 -5 0 5 10 15 -10 -5 0 5 10 15
X/, i, VA,
(a) driving light field in xy plane (b) fundamental frequency driving (c) double frequency driving light
light field in yz plane field in yz plane

Fig. 1 Spatial distribution of electric field intensity of two-color Laguerre-Gaussian driven laser
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Fig.2 One dimensional Fourier spectrum between the driving light field and the plasma
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Fig. 3 Axial distribution of electric field component of specific order harmonic wave front
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Fig. 4 Electric field of harmonic wave front in yz plane
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Fig. 5 Plane distribution of electric field intensity at different axial positions of the harmonic front

VL5 90 T 7 At 7 A [ £ Ak 4 v 370 508 B oz S TR 20 A
2 WELHE S
IH P8 73 AT TR A BHLTE b 53 B AR ST SR FH A4 T 56 8 S e JCE 1o U 90 1) 0 BRATL A+ BRI ) D16 7 5 #6220 #
o R RO T RE T A Sl i CRLAR A AR Sl S B0E A sl i) sy e U, R RSN R

Wy = MW, +Nhw, (2)
oy =Nn0) +10, (3)
lH=nlll+n2lz (4)

FEZ(2) ~ @) W, SO B A SRR T RN s n M R w), FBES Bl i A oy, B0 £ 20 B D 1 DG (R A3 K
F158) Hny MR w,, ATEM i R oy, BB M B N LIRS (AR S50 45 6 o — A SRt T (AR 4 = ik
W) o wn, o, In g3 S Z2AE T 4 56 18 RS I A AR DL SO T s 1 B g fa sh i S FiE i sh i . ok, B PR
PERR ], n, o Z BIZ000E Ry =ny + 1o AR HEEEAL IR 5 1) XSS 15 : 0 = wp,0: =20y, 01 = 1,0, =-1, 1, =1,
L=2, 5 4h, JFETE‘nz =n =1, ﬁﬂ]ﬁ‘[ U&ﬁnl =m=zx1,n, =m, %ULﬂéﬁiﬁ’fﬁ/\ﬁ(z) ~(4) EIREN wy = Bm=1)w,
ou=%xLl=3m=1(m=1,23--). Ym= 10}, WATIREZ 1 H]: 0, = dwo, 04 = 1,1, = 4 4 BB Br 5+ 19 F i€ M 3h
(IR ) 5 300 9K 3h 6 — B, B M sh i Rdn, B 4 YIREESE) s Mm =208, B : ws = Swo, 04 = = 1,1, = 55 5 Bl
P T I FRE A Bh i (IR AR AS ) 5 ARSI 8K sl — 2, B i shi kysn, B S BY IR EE) o IZBLS M 45 RS
& 3, & 4 Jr s I B4R 45 SR 58 4 — 30, ARG I S TR TR0l 45 SR 9 IE A 4
3 3 i

Z I, FRATTMWRE AR5 B S g BT G 7 TR ST 1 U0 T 5 2K e S0 R 3 0 e R A A A T R S U

051003-5



wmoOoW e 5 K TR

PP R . R A FRATDRE B X% R HEAT YT RS s AL GE i By SR AR SR AR HE Ry 122, T D5 A
S (F2 T 5 A e (B0 i I ) 140 580 Ji e 98 0 28 I 37 4 Sl 3K B 06 T, S w5 72 R0 i 55 21K v 938 19 41 23R L (Can PR A3 % L
13 BRLEIR B ) | A A Can T A A e s 2 T R O o i 1) X068 BIK 3 0 ) 45, AT S 3%E BT 7 A 9 g e P (A 46
BRI L RS L IR IE B R AE ) B RS TR AR

1 e, TRATTH R AR WA A R L AR 22 W 4R BRI A M T, Y AR O AR T 5 2K R 3 R Bl O R L
(W) = wo,wy =3wp, oy =10, ==1, 1 = 1,1, =3) i, (LA F AR (2) ~ ()] B U F 418 wp=@m+ D) wy, oy = =11y =
dm+1(m=1,2,3---), A=A 507, 9, 11 Frils i, Hod, 5 . 9 it A e fa sh i 5 350K sl — 20, 7 B, 11 B igs
P ) 5 = A5 AR B OCAH ], AE, AT 2 B 38 I8 08 4 I er A5 IR RE 5 I B R PR 3 — B0 S BT i A e O I 1Y
IR 3 AR 55 7.9 BT Y R A R R R AR IET 40 A AN 6 TR .

E/(V-m™) .
1022 15 1.5%x101 15 E/(V-m™)
2x10"
10*! 1 1.0x10"
5102 5.0x102 1x10"
<
%' 101 40 0
8
= _ 12
£10% 5.0x10 _1x107
107 —-1.0x10"
_2>< 1012
10% ~1.5%10"
1 10 -10 -5 0 5 10 15 -10 -5 0 5 10 15
harmonic order/n Yl Vi
(a) one dimensional Fourier spectrum (b) electric field intensity distribution of (c) electric field intensity distribution of the 9th
of the radiation field the 7th harmonic wave front in yz plane harmonic wave front in yz plane

Fig. 6  Spectrum distribution of higher harmonics and cross section distribution of electric field intensity of 7th and 9th harmonics
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