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Terahertz diffraction-free beam generation technology based on single element

HAN Meiyao', HAO Congjing’, HUANG Qian', TU Siyu', LIU Jinsong',
YANG Zhengang', WANG Kejia'
(1. School of Optics and Electronic Information, Wuhan National Research Center of Opto-Electronics, Huazhong
University of Science and Technology, Wuhan 430074, China; 2. Beijing Great Wall Aviation Measurement and
Control Technology Research Institute, Aviation Industry Corporation of China, Beijing 100111, China)

Abstract: A new optical element was proposed, which could generate a diffraction-free beam with a certain
distance from the element. The cross section of an ordinary axial pyramid was an isosceles triangle and the
element was designed by defining a parabola on the two waists. The 3D printing technology was used to
fabricate optical elements with different structures. The results of simulation calculation using angular
spectrum theory and the experiment conducted at 0.1 THz frequency clearly show that there is a certain
distance between the generated diffraction-free beam and the element. The beam behavior of the element was
analyzed according to the spatial frequency spectrum. The results show that the element generates a new type
of diffraction-free beam, and according to the space-frequency shape of the element, the diffraction-free beam
generated by the element is named comb-like space-frequency diffraction-free beam.

Key words: diffraction-free beam; parabolic pyramid; angular spectrum theory; spatial frequency spectrum

515

1987 4, DURNIN T ¥ 4& 7 JC A 35 6 3 9
WEE U, 8 TE A SO RO A Ol 2 B 5 Y A
S, BTN [R] A TCAT SOGB4 ok, i an
I ¥S/¥ NS 5 LN a0 A VW& L7

ks H B#A: 2023-02-14; 1&[E HH#J: 2023-05-24
EEWMB: R &M EE LB E L4 (61422160107)

VO A HE b, T AR IR, e AL i
R R TG 3 0 A DR AN S OB R, BN 23 2
PRI . AR JCAT SO A T BE S B,
Wb E 2G84 A iz E), B 2055 6
o PR RS, B AR B AT S R

EZ® T £ (1998—), %, MEH T A, T LMF K& LATH % RAFR . E-mail: 2801865193@qq.com
BEEE:ZTE (1978—), B, L, @l 83%, T 2RFRXHEHAF 5 RH L, E-mail: wkjtode@sina.com


https://doi.org/10.5768/JAO202445.0101005
mailto:2801865193@qq.com
mailto:wkjtode@sina.com

. 34 N H

k¥

HASEE 1Y

WELATEDEHR . th T RATLAHY., ABEC i
BRI S5k 2Rk, TOATDER B 22 N
EI AP U3 e 23 SN |57k (SR [ ¥
00 ) RO T SR SC AR

VR EE — DR A B TCAT SO, DLZE R0
ORI i % | e b 3544 1 — AT
W &4 ik, AITE &IT K vF 2 Fh ™ Az DLJE
IRJCIHR B T3 %, ) A FR 5% 121 vk A B30 2 T
BB HERL T B R EE T AL B R
s R]G A 452 25 o HC P Rl s S A i 25 7

WAELLAM . W] W B, R OE T2 AT 0] LIAR
52 Ty Hb AR AT B TS Al RV, X TR . Kb 2%
P, A FH 3G b 3 B AR 1T DL PR A b
B, TR AR AR R D DL FE AR R

SEUG S AR W, R FH B — b 4 AR 1Y D1 ZEOR
TR B Rl HE . AR U, X T il b i
TR FTE R R, X — B BRI T I
FEIR A — 28 S BR N L ot H 2 — S R AR
VRS N FH A5 o oAy il DRk — ] T, 2020 4F XIANG
GNP T R E S —— Rl B A A,
Az 1R K G A B I 2% T AT S I RN i O A
JC, MEEA A2 K e RO BAIER . & 25
()2, Z2 9K B -l S5 2R F B £, 2 1)
B A, PR RE R . 2022 4F, ZHANG 45 A\ B
WEE T —Fpih BB HE, 77 A2t T B R ERT Y
Khgg VUSRI . 5% ZHANG 58 Ayt
R, AR SCH T8 T I b A, TR A
AT BT AERRT R R %% JC AT S . R A
T 3 A ()AL 3 X 4 ) b AR AT A0 A, R R
Al Py P e A 5 A A Bl A 1 S R RO [, R4
Wb e 7 A 08 O AT SR I SRS SR 3 3 il e
A 1 DL SE IR B, TR — 4 1 T AT G e R ——
PR 25 A TC A S I8 o

1 BEREITS5HETE

3 b YRR IR — I =R, W
Kl 1(a) TR o 8 78 5 I = M IE i A4 0 1 FR
E YA S U Tk HE S5 A, RO A b L
Bl 1(b) Fr s o 45 B = AR 19 IR 31 R #4330
2R 1 0, I B 1K B 2a = R/cosf. 4K 2R
UK AR 0 e B, AR K o 0,
I e 72 0 0 it v A A Y E— AR Rl b TR

SIA—N T Witk = a/bICE b

W‘
\
\

| @
1

R|P

(d) b fisc e
AALLIER

(c) At HE
ARBRTER:

| RS TEE
Fig. 1 Structure diagram of pyramid
Bt 2 JT M E T A 0.1 THz, HIE E 42
wo = 26 mm Y I B iR 30T IR A0 AR ALL , s S0 e SROmT
TR E = exp(—p*/ wo?), Hifip = X2+ )2 Wk Ak
PRE T RIS . B TT B AR AR, A B R
M SCAB FE, DU S 55 T B D63 T o
Eou = Enexp(jAg) (1)
o j R RCRAL; , Ag NI AGE G A T A
(EHEIR o UNPE 1(a) BT, 23 Al B PO A S SiE 38 Dy
Apy =K (n—1)(R-p)tand (2)
AP K =2m ) AFTRI; n AEEHIT AR
PRI RS Y R S RO A 2 REIR o AN TET 1(c)
JIT 7, G AL AR R R M-, B E—n MR R Al
N p—z MeFRZR o TR S Rl X B Y, 7
LA 2 Bl 230 S Bl o E—n A 2R 50 ) B e %
O JEARE] &—n bR AR

[ & ]:[ cosf  sin6 [ & ]:[ &cosf+nsind
n —sinf cosf |l 7 —£sinf+ncosé
(3)

& e R T B e pz S AR R T
121

& +acos6 ] (4)

7 +asin6



NG 2024, 45(1)  BESERR, 4. FE T —JOMF P A KO RE JC AT BT IR B R A 5T ¢ 35

B Q)AL @), BHIA[ 15 &y R R

FeAt s p—z Hebn R B e e 3

[ o ]_ &écosO+nsinf+acosd (5)
z 17| —&sinf+ncosf+asind

YONEAE E—n AR R FPRIFAA oy = (=b/a®) €+
b, B A NP E b — B, 8 p—z A E—n e d
2 Y AR 53 3 N (oasza) B (Ensa)e ABS p 41
B, 5 p WAZE T B AR, 78 p—z Ml & AR R HY
%$ﬁﬁ%”ﬂ‘7(ﬂs%3)%ﬂ(§m’]3% ETU#@%%T%%EE‘J@

|E‘=ZA_ZB=ZA (6)
BAF (5) ALK (6), I
‘E':—fAsin0+nAcosa+asin6 (7)

e Y 2 = 50 2 &= (a®/b)tana il =
(—a?/b)tan’e + b, }M%iﬂm%ﬁﬂﬁfﬁ HEIE N

2
—_— 1 —_—— 2
’AB| = 3 tan @ sinf 3 tan @ cosf+ (8)

bcosO+asinf
L 228 € [0, arctan (b/a)]U [(n —arctan(b/a)), 1o

2 2

[ABJ# ok 5, H:

0 |E‘ & &
== sinf sec’a — > cos@xtanasec’a (9)

oa
% 0|AB|/da =0, 113
tana:—%tan@ (10)
5 o, [AB| it
ﬁﬁ’ EI]!

2

'E = Z—btanﬁsin0+bcosa+asin0 (11)

WE 1(d) Fis, BL= ‘ABmaxﬁL
I b e S A ) 2 R 2R A M T D“JM%EHJ
T 4k O AR A7 23R SRy

A =nK ]ﬁ| +K ‘E'

={ K- D[AB|+KL p<R
KL p=R (12)
AP K =2 /RN R n IAPRHIT ST R . TR
A FEAH XS B AR 7 ZE 3R, K5 A= (12) B9 B =X
Ak 2 KL, A A (8) ARA AT 1%

Ap=K(n- 1)(—%tanasin6— %tanzacosﬁ+bcos9+asin0) (13)

AR iy e s A ) T LA 25 4 W 0, @ = R/2.cos b,
k=a/b, f{A(13)2XA]15

Rk R Rt 0
Ap=K(n-1) (tan9+tana)tana/ an
2k 2

(14)

HHa e[0,arctan(1/k)]U [n —arctan(1/k),n ], L,
240 By ol o A RS 01 2R RIS AR 0 W8 T, K
A0 H ) i o A7 S 3R 11 I — A

WA= ) A (14) IRAAK (1), I N e
) < S 2 A A ol e ) B IR RO
TR 2R = 76.2 mm (3 in), KO =10°, 6
eI 3D AT BN AR HIAE, 445454 0.1 THz
it 3D FTERAT BTS2 n hy 1,645,

I f413 @mﬁﬁ%ﬁﬁ%%mﬁzmro
K 2(a) A 3 (2) Ao 3 (14) TF 5 H B
il e R 40 T i ) R A7 93 A 5 1D 2(b) %J%i@
Al e A R 4 P T i ) U RO ez 1T Y O 5R
I3 o Horbz = ORI G 2E 0 R 9 5 I, 20 (il £k
RAEx =y = OB AE z J5 [l i s 4B £k, RN s
Seum i, B 2(b1) RN, 35 38 ks B = AR 1Y T
A 5 e ARG TT 4, el 1B 2(02)~ B 2(b4) 7] 1, il

W B i A ) S S5 e SR DA TR B e R e A% Ay
— > 2R 22 A 55 I 2 SR AT S R, B R A
SRS EA —E IR . BEE L EARK,

() T D 1

jﬁrﬁffm&%&

jﬁfﬁ?ﬂﬁ&%&

LR

. 0
0 100129 200 300 400
z/mm

(a) FHOE A (b) FEx—zIf B GRS A
B2 LB REnfELSER

Fig. 2 Simulation results of normal axial pyramid and

parabolic pyramid



* 36 A

55458 5 1

Al oy Yk e 1 G AT S IR R e ) 55 I R 3 W D
b, BRI R BT T, TR, R TE
T i A B A SO, R A b A A S S T P
e 1 2 fe KA AL 2 [a] A9 B SOk < FE IR,
W, k=2, k =3k = S 9 b b 1) £ 143 Sl o
58 mm, 88 mm F1 129 mm,

2 SRIE S AT AN SRR I iE

TR 2 TR A0 3 1 — A5 70 A 90 00 ol e A A 1)
AT IS DS SR o 3 i s 000 A0 o e T 2 v
XEFR B, BT LAHG 2 [ t HAT rpoC 3 B, AL
WL 2 (B AR U f, 75 160 649 23 A BIAT, &l 3 Bs
FHTTAT 3 ] R, AR L T 3 i i o 014 52 B R = 0, 4
Py S o A 114 22 18] A S ) — 1 W L e A ) AR
DA DA (800 W L 2% ¥ 928 A ) 000 30 A5 )
I, 4 9 ot i 7 A 18 9D TR AN S Al A
A B DU ZE IR PR, T R — Tl T R B4 JE AT S R, AR
B4 10 ot e 8 2 RO AR, o HG B 7 A ) e R
4 R =S SIS AR

et 173113
081 — k=2
i k=3
=
| 04}
m \
02}
0 " s /\/\(\AA "
-03 -02 0.1 0 0.1 0.2 0.3

J/mm™!

B3 TiRMiEHENL=2.3.5 B ImiE A0 = 8 SR i
Fig. 3 Spatial frequency spectrum of normal axis pyramid

and parabolic pyramid when k=2,3,5

DL _EACh 5 LTSRS o B 25 5, T 1 52
5 6 UE S Tl b A IR AT . B 4(a) D S R
BRI, K% U5 R B K G B 48 (SPACEK
LABS, GW-900), #5i %%}y 0.1 THz, T3 N 25 mW.,
i H—A~E4% 76.2 mm, £EH 100 mm 1915 5 (5%
B 2 MR ) X A 25 5 & B 1 & B0 R kAT
EEL, B = I AR AR 42 R 26 mm. L4
HBAE R 3D FTEREARBIME, FTEIRG A4 0.01 mm,
FTERB LA LY 1101, iZ M BHEE 0.1 THz 45 32 T /Y
Prat BRI 2B 5 1.645 F1 1.2 ecm™' . i%#E
JEFHO=10°, JEH2R =762 mm, k=2 k=330
R HEFEAT WA, 1 4(b) S 4 0 kY = R A5
RISl o R 2% R DU 45 A 1 R ik A
P [ 2 7 = 4L E B L AT B R AT

()t

K2k e LB JhprAEHE R
(a) SEYRHE ER B

0 0
=2 =2 =3 k=3

(b) A ATz AR Pl AN S 1]
4 SBWIE

Fig.4 Experimental verification

Py b S (0 SE IR 25 A1 5 s . BT
LS (A 1A R, SO0 45 R 5 05 BoH a5 SRAE T
— JE 1 22 5], AEL S S D R0 O 5 A3 A AT W A
4o 1 5(a) FIEL 5(0) 23 510 k = 2Fk = 30 4 47 4l
BHEM SR /A o &S iz = O I 3 4 il e 1)
WG, 2ol o e 2. &l S ATl
L il e 7 A ) BRI TS AT 0 AR T
HAT—E MR . ik =209 390 S b 4 o 451, Hhy
SFF I AR R B B B A0 [ BRI, s O g TE
z =42 mmAb B /IME, 2 )5 B R I 5% 7 e A
R ER A O T2 IR 22 A 55 I 2RI I A S U
B, ol ERE AR R W R, &l 5(a) i
o BB 5 AT, ko= 2F1k = 344 A 4 1 A R
43 518 154 mmAl 172 mm. 78 F) FH AR 3% B8 0F 47
TTEE I, K 90 ol o A O 8, AN 2 L i
PRE, [H S50 o il ke i AT — o SR AR AE

154 mm

250 mm 350 mm 450 mm

z=42 mm

1 1 | |
0 200 400 600 800
z/mm

(a) k=20 Pl 0 A T -2 T (56388 53 A

z=58 mm 172 mm 250 mm 350 mm 450 mm

(=1
A — Ak

1 1 1 | |
0 200 400 600 800
z/mm

(b) k=3 (Rl S ey TR -2 T RIS S A1
5 MEHIRESIIN SR

Fig. 5 Experimental results of parabolic pyramid



NG 2024, 45(1)

BHETE, 45 LT B JLAF 7 A OB 2% R SR B R BT 5T « 37 .

PN
HE =

Wi, DRIk, X6 T 0 0 il e e ) A L, 7 L4

RE TG EERAFAE—ERE

3

it
3 3o A e A L AT 454, BT

BRI G T —— M A HE . ZoT R AT L
AR R R AT AHOR, £ 0.1 THz SR A
F 3D AT ERE AR 5 17 A [] 25 4 2 K v i 40 ol
HE o O HAT IS5 IR A5 A R T, i 4y b b o
A B AT R S oo R — e RS . ARIE =S
) B33, A B0 0 Sl 7 A T — bR L % A
S, R HOR 2 BOTC AT MR o X R
Py b e B 7 £ 14 WAR 25 300 A S D8 SR i
P A 25 AR U, H T4 RSUR R G m =R

S 30k

(1]

[2]

[3]

[4]

(5]

[6]

(7]

[8]

(9]

DURNIN J. Exact solutions for nondiffracting beams: I.
The scalar theory[J]. Journal of the Optical Society of
America A, 1987, 4(4): 651-654.

DURNIN J, MICELI Jr J J, EBERLY J H. Diffraction-
free beams[J]. Physical Review Letters, 1987, 58(15):
1499-1501.

GUTIERREZ-VEGA ] C, ITURBE-CASTILLO M D,
CHAVEZ-CERDA S. Alternative formulation for invari-
ant optical fields: Mathieu beams[J]. Optics Letters,
2000, 25(20): 1493-1495.

X, B, MRl 45, wT iR S0 OGB4y
PEI]. Y6, 2016, 37(6): 847-853.

LIU Huilong, XIA Jing, CHEN Dong, et al. Tunable Airy
beam and its propagation propertie[J]. Journal of Ap-
plied Optics, 2016, 37(6): 847-853.

BANDRES M A, GUTIERREZ-VEGA J C, CHAVEZ-
CERDA S. Parabolic nondiffracting optical
fields [J]. Optics Letters, 2004, 29(1): 44-46.
BOUCHAL Z, WAGNER J, CHLUP M. Self-reconstruc-

wave

tion of a distorted nondiffracting beam[J]. Optics Com-
munications, 1998, 151(4/5/6): 207-211.

CHEN J, NG I, LIN Z, et al. Optical pulling force[J].
Nature Photonics, 2011, 5(9): 531-534.

ARLT J, GARCES-CHAVEZ V, SIBBETT W, et al. Op-
tical micromanipulation using a Bessel light beam[J]. Op-
tics Communications, 2001, 197(4/5/6): 239-245.
ASHKIN A, DZIEDZIC ] M, BJORKHOLM 1] E, et al.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Observation of a single-beam gradient force optical trap
for dielectric particles[J]. Optics Letters, 1986, 11(5):
288-290.

HU Y, CHEN Z, XIANG L, et al. Extended depth-of-field
all-optical photoacoustic microscopy with a dual non-dif-
fracting Bessel beam[J]. Optics Letters, 2019, 44(7):
1634-1637.

XIANGF, YU M, ZHANG M, et al. Terahertz ptycho-
graphy using a long-distance diffraction-free beam as the
probe[J]. Optics Letters, 2022, 47(2): 238-241.
MPHUTHI N, GAILELE L, LITVIN 1, et al. Free-space
optical communication link with shape-invariant orbital
angular momentum Bessel beams[J]. Applied Optics,
2019, 58(16): 4258-4264.

FH, ErPFE, BIE, 55 B WA EITCATDGE
ARG YERE L] B, 2012, 33(3): 644-648.
WANG Xu, WANG Zhongyu, MAO Fangru, et al. Free-
space communication simulation system and its transmis-
sion performance based on mnon-diffracting beam[J].
Journal of Applied Optics, 2012, 33(3): 644-648.
BAUER T, ORLOV S, PESCHEL U, et al. Nanointerfero-
metric amplitude and phase reconstruction of tightly fo-
cused vector beams [J]. Nature Photonics, 2014, 8(1): 23-
27.

BHUYAN M K, VELPULA P K, COLOMBIER J P, et al.
Single-shot high aspect ratio bulk nanostructuring of fused
Bessel

104(2):

laser

2014,

silica using chirp-controlled ultrafast
beams[J].
021107.

COX A J, DIBBLE D C. Nondiffracting beam from a spa-

Applied Physics Letters,

tially filtered Fabry —Perot resonator[J]. Journal of the
Optical Society of America A, 1992, 9(2): 282-286.
SCOTT G, MCARDLE N. Efficient generation of nearly
diffraction-free beams using an axicon[J]. Optical Engin-
eering, 1992, 31(12): 2640-2643.

CHEN W T, KHORASANINEJAD M, ZHU A Y, et al.
Generation of wavelength-independent subwavelength
Bessel beams using metasurfaces[J]. Light:Science &
Applications, 2016, 5(1): 39-44.

PFEIFFER C, GRBIC A. Controlling vector Bessel beams
with metasurfaces[J]. Physical Review Applied, 2014,
2(4): 044012-1-7.

VIEIRAT A, YEPES I S V, SUAREZ R A B, et al. Op-
tical reconstruction of non-diffracting beams via photore-
B, 2017,

fractive holography[J]. Applied Physics


https://doi.org/10.1364/JOSAA.4.000651
https://doi.org/10.1364/JOSAA.4.000651
https://doi.org/10.1103/PhysRevLett.58.1499
https://doi.org/10.1364/OL.25.001493
https://doi.org/10.1364/OL.29.000044
https://doi.org/10.1038/nphoton.2011.153
https://doi.org/10.1364/OL.11.000288
https://doi.org/10.1364/OL.44.001634
https://doi.org/10.1364/OL.442964
https://doi.org/10.1364/AO.58.004258
https://doi.org/10.1038/nphoton.2013.289
https://doi.org/10.1063/1.4861899
https://doi.org/10.1364/JOSAA.9.000282
https://doi.org/10.1364/JOSAA.9.000282
https://doi.org/10.1117/12.60017
https://doi.org/10.1117/12.60017
https://doi.org/10.1117/12.60017
https://doi.org/10.1103/PhysRevApplied.2.044012

38 - A

HASEE 1Y

[21]

[22]

[23]

[24]

[25]

123(4): 1-10.

VASARA A, TURUNEN J, FRIBERG A T. Realization
of general nondiffracting beams with computer-generated
holograms[J]. Journal of the Optical Society of America
A, 1989, 6(11): 1748-1754.

VIEIRA T A, ZAMBONI-RACHED M, GESUALDI M
R R. Modeling the spatial shape of nondiffracting beams:
Experimental generation of Frozen waves via holographic
method [J]. Optics Communications, 2014, 315: 374-380.
ARRIZON V, MENDEZ G, SANCHEZ-DE-LA-LLAVE
D. Accurate encoding of arbitrary complex fields with
amplitude-only liquid crystal spatial light modulators[J].
Optics Express, 2005, 13(20): 7913-7927.

PR WL, SRIERR, MY, 55 GG LED™ 4 To AT 4
BesseD' U [J]. Hh [EBp 5y Bl T K30, 2012,
42(8): 805-811.

CHENG Zhiming, WU Fengtie, FAN Dandan, et al. Non-
diffraction bessel-like beam generated by green LED
source[J]. Science China:Physica, Mechanica & Astro-
nomica, 2012, 42(8): 805-811.

FASCHN, SRIERR, KR AR 375 B8 o AR S B TE AT S
DSESRIEHR ] 62241, 2010, 30(6): 1618-1621.

[26]

[27]

[28]

[29]

[30]

LU Wenhe, WU Fengtie, ZHENG Weitao. Generation of
non-diffraction Bessel-liked beam using a lens axicon[J].
Acta Optica Sinica, 2010, 30(6): 1618-1621.

BITMAN A, MOSHE I, ZALEVSKY Z. Improving
depth-of field in broadband THz beams using nondiffract-
ive Bessel beams[J]. Optics Letters, 2012, 37(19): 4164-
4166.

WU Z, WANG X, SUN W, et al. Vector characterization
of zero-order terahertz Bessel beams with linear and circu-
lar polarizations[J]. Scientific Reports, 2017, 7(1): 1-11.
WEI X, LIU C, NIU L, et al. Generation of arbitrary or-
der Bessel beams via 3D printed axicons at the terahertz
frequency range[J]. Applied Optics, 2015, 54(36):
10641-10649.

XIANG F, LIU D, XIAO L, et al. Generation of a meter-
scale THz diffraction-free beam based on multiple cas-
caded lens-axicon doublets: detailed analysis and experi-
mental demonstration[J]. Optics Express, 2020, 28(24):
36873-36883.

ZHANG M, LIU W, HUANG Q, et al. Optical element to
generate zero-order quasi-Bessel beam with “ focal len-

gth” [J]. Optics Letters, 2022, 47(3): 553-556.


https://doi.org/10.1364/JOSAA.6.001748
https://doi.org/10.1364/JOSAA.6.001748
https://doi.org/10.1016/j.optcom.2013.11.001
https://doi.org/10.1364/OPEX.13.007913
https://doi.org/10.3788/AOS20103006.1618
https://doi.org/10.3788/AOS20103006.1618
https://doi.org/10.1364/OL.37.004164
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1364/AO.54.010641
https://doi.org/10.1364/OE.408692
https://doi.org/10.1364/OL.448852

	引言
	1 理论设计与仿真计算
	2 频谱分析和实验验证
	3 结论
	参考文献

