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Fig. 1. Geometric optical path diagram of light incident
from the air core of the capillary to the quartz cladding.
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Fig. 2. Schematic diagram of anti-resonant reflecting optical waveguidel?” 2% (a) Relevant theoretical conditions of the waveguide;

(b) structure of the anti-resonant reflecting optical waveguide; (c) supported transmission spectrum; (d) corresponding electric field

mode intensity distribution.
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Fig. 3. Comsol mode analysis diagrams: (a) Mode field simulation diagram; (b) interference analysis diagram among different modes

in the capillary.
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Fig. 4. Comparison between simulation of electric field modulus intensity spatial distribution and theoretical model in optical fiber

cross-section.
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Fig. 5. Schematic diagram of the experimental setup for capillary-modulated Bessel beams.
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Fig. 6. Structural analysis diagrams of the capillary struc-
ture: (a) CAD structural diagram; (b) refractive index dis-

tribution.
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Fig. 7. Comparison between the ideal Bessel light field distribution and the experimental measurement results: (a) Two-dimensional

intensity distribution of the ideal Bessel beam; (b) two-dimensional intensity distribution of the Bessel beam generated by the capil-

lary in this experiment; (c) one-dimensional intensity distribution curve of the Bessel beam generated by the capillary in this experi-

ment.
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Fig. 8. Device parameter diagram: (a) Schematic diagram of each parameter of the Bessel beam generation device based on the

capillary; (b) capillary cross-sectional diagram.
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Table 1.  Comparison of imaging quality when the length [ of the capillary with outer diameter R = 1.50 mm and inner

diameter » = 0.80 mm varies.
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Table 2. Comparison of imaging quality when the thickness d; of capillaries with different sizes varies.

di/cm 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00
2= 1.00 mm mm mm mm mm mm mm mm mm
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S . JL JL J,{\L _Aﬂu\- J\_ _/L J\_

K9 HBOEIE (a) BAERIIET; (b) BHE EEEE)

Fig. 9. Ring count variation diagram: (a) Before capillary movement; (b) capillary tube moves backward.
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# 3 HME 1.50 mm, MR 0.80 mm WBLE dy IR BUFR XL

Table 3.  Comparison of imaging quality when parameter d, of the capillary with outer diameter 1.50 mm and inner dia-

9.00
.
1&111

meter 0.80 mm varies.

da/cm 5.00 6.00 7.00 8.00

S

Sy -
llm 11111
—4Eo
S A

ds/cm 10.00 11.00 12.00 13.00 14.00

) i
syl ¢
1 mm 1 mm 1 mm 1 mm 1 mm

o /\_/\.A m/\_/\
Sl
/\ N n

F 4 HME1.50 mm, N 0.80 mm MITBAME dy ZEALAT M5 R L

Table 4. Comparison of imaging quality when parameter dy of the capillary with outer diameter 1.50 mm and inner dia-

meter 0.80 mm varies.

ds/cm 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00
5 it -
Sl
1 mm
— DR
sl j\{W Al
n
d3/Cm 60.00 65.00 70.00 75.00 80.00 85.00 90.00 95.00
YR
P L J L . . L . » »
1 mm 1 mm 1 mm 1 mm 1 mm 1 mm 1 mm 1 mm

w )L L L

FIREIR . W4 4 Fi7n, ZE B SME R = 1.50 mm, PR X Bessel Dt H IR BT 5 (Y 52 e AL A W35 4
WAL r = 0.80 mm, K [ = 8.00 cm, A G355 5% i, A& BR, Bessel Yo H4MERIFRGoR BEHN
SEMEE d = 5.00 cm ., H 535 5 175 45 7] FEES dy PYBG R E2BW =B, 2 & > 50.00 cm
dy = 10.00 cm BEEMZMAT, REHRFT T dy IR0 B, SNIRSOEHTAETS 345, ] SEH S B Bessel O
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Fig. 10. Demonstration of non-diffraction property of Bessel beam generated by capillary: (a) Divergence comparison of Gaussian

beam and Bessel beam with propagation distance; (b) evolution of transverse light intensity distribution of Bessel beam during

propagation.
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Table 5. of

between Gaussian beams and Bessel beams with

Comparison divergence  degrees

propagation distance.

dy/em  BesseDEHULSE 1 HAR /mm - Gauss)GHE HAE /mm

20.00 0.14 7.96
25.00 0.19 9.63
30.00 0.26 10.69
35.00 0.3 12.01
40.00 0.36 13.46
45.00 0.41 14.41
50.00 0.50 15.80
55.00 0.51 17.10
60.00 0.60 18.36
65.00 0.65 19.79
70.00 0.70 20.65
75.00 0.75 21.91
80.00 0.77 23.18
85.00 0.81 24.86
90.00 0.90 25.89
95.00 0.94 27.18

Rk — A W EE G BEAE 78 3 I B A8 42 1
W, TEMERS 2 J5 7 1.5 m IOLR EMEOEEIE
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SERMEEAEN, WAl 12 .

Wk 6 in, FEBMEIME R = 1.50 mm, N
% r=0.80 mm. K | = 8.00 e, AGuiEEs
BANEMIE d, = 2.50 cm, H5im 5B 4, =
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€ 11 Bessel YoM 2OEBEST 7 WL 52 367 218

Fig. 11. Schematic diagram of near-field observation experiment for fractured spot of Bessel beam.
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Fig. 12. Schematic of optical path for self-healing property verification experiment of Bessel beam.
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Table 6. Comparison of Bessel beam imaging quality with varied distance d; between obstacle and convex lens 2.

dy/cm 11.00 13.00
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BB, QnEk 6 s, ATLLR IR, MY 5
PG 2 [AIFEEC/ING, BEPIEEES dy = 10 cm WY,
Bessel S H O 52 BEK ., (HAMEIIAIE 559 5 AR
3 I 1 A FE 4 7 BT 2 I S SR B YR
BIHR R dy = 19 cm B, ABEHEPS ()4 i 73 5
PAG T BB EREIE R T T &N, SMEERIE S,
PR LB AR S T TOIE R 53 A B AR — 20, s
D ERZREAZAN 0.145 mm, 5424 HiE
0.15 mm A4, S T FoE 2 ABE.

HAYHE LT IH K F Bessel Y6 PN 78 145

1. Bessel JGVE R TCATHOGH, AT & ke &
eI e s ATETRY3 22 e =) 1) A B I R 7
PEHRAT T, AR RS 0 TR 2 ST VR R A
MRS, IEAE G i R oA B & 2 TS
Jn. XA AN B R 25 ARG 0, TR T
BRI Xk, SR 2 ) A AR
(EARE RIS, HIBEE SOGB4
5 Bessel JEHUUEBRERIFART R YBEIFYIR
SEANFRGOORBERT, ARPERHY PSR Re R DAL
i B N SE R T2, DR AN BRI A AT S8 R
MR RS KL RBERT, KR 25 AR
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BELWT, AH T2 i S5 Bl IR, A0 X R A 5
FREEAERET VAR, SR TE L E

LA PIRSCIGZE R, i AL B AN TR R A
#8 Bessel JGH, T2 AU L2 sSREE | A1MF B34
oS R, DA SRR v | A R Sl i
JBMEERI AR, X BANE LS E T
MG K | = 8.00—12.00 cm I JF i Bessel
A TR AE I IERE b MR T A0 AR v
FEHA S B S B REE R d) 16 FYE, B
AR/, A2 i FRAE Bessel JGA R A9 d, Il FH1E
N, R dy, BUFIAE AR, B d, = 2f = 10.00 cm,
A] S B U Bessel YG A4 i, S BE Bessel
FeR B TCAT S S, 6 dy = 50.00 cm, 7EIZHE
B G ERT SE B R AE RS AL, B AR
A3 ASBEAL R S A ng & AR AR Ak, e Lo
sl R, ELAFERUN. AR, M3k Bessel G R 4T
1) A B Z SR, T B R SF /N T Bessel g
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SERPRE, R B E M B E .

5 & @

ARG E XA Bessel YEH 7= A I AT AE Y
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BILH = RGNS S A, 8T P AR K
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EYE A Bessel JERWEIALG 5. &
SEI A B 53 4 s 6 RTE B A4S T AL i [a] i
Z B SOERAUN 5 Z8ETPR0N R AE ] SO
PRALON A AN TR B, HR T bR
Jaidl; 2T EE T Bessel YR A 7] 7]
L FRAR 5 BE oA, B JS FF Comsol Multiphysics
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S G, BJFIRF TIZ 7 %5 19 Bessel Y6
W TCATS PR RS M BB S RE T, DR HAR P AL AL
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Abstract

Bessel beams have irreplaceable application value in fields such as optical communication, micro-nano
processing, particle micro-manipulation, medical imaging, and high-precision positioning due to their unique
non-diffracting and self-healing properties. Since their first proposal in 1987, they have been a research hotspot
in the optical field. Currently, the developed methods for generating Bessel beams generally have the problems
of high processing precision requirements and high preparation costs. In contrast, the capillary modulation
method provides a practical technical path for low-cost Bessel beam generation due to its advantages of low cost
and convenient operation. However, existing studies only focus on device preparation and phenomenon
observation, lacking in-depth analysis of the physical mechanism and systematic theoretical support, which
restricts its further application in the field of precision optics. In this paper, a combined research method of
theoretical modeling, numerical simulation and experimental verification is adopted to systematically explore
the physical mechanism and parameter regulation strategy of generating high-quality Bessel beams based on
capillaries.

Through theoretical analysis, a complete theoretical framework for light field transmission in capillaries is
constructed, and the synergistic mechanism of anti-resonant effect and multimode interference effect is revealed:

the anti-resonant effect forms an equivalent Fabry-Pérot resonant cavity in the quartz cladding of the capillary,
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realizing the selection and suppression of guided modes, stably confining the light energy in the air core, and
providing the core physical basis for the formation of the central bright spot of the zero-order Bessel beam; the
multimode interference effect constructs the transverse intensity distribution of Bessel beams with the
characteristics of a central bright spot and peripheral concentric rings through the coherent superposition of
multiple selected guided modes in the air core region. Numerical simulations are carried out using Comsol
Multiphysics software, a two-dimensional geometric model of the capillary is established, and the central
wavelength of 1550 nm in the optical communication band is selected for calculation. The simulation results are
highly consistent with the light field distribution law derived from the theory, verifying the rationality of the
theoretical model and the beam mode characteristics.

Through systematic experiments, the influence laws of key parameters such as capillary size (length, inner
and outer diameters) and lens configuration (distance d; between the incident-end lens and the capillary,
distance d, between the exit-end lens and the capillary, and detection distance d3) on the output beam quality
are explored, and the optimal parameter combination is obtained: the capillary length is selected as 8.00-
12.00 cm, the critical value of d; is precisely controlled according to the inner diameter of the capillary, d, is set
to twice the focal length (10.00 cm), and high-quality Bessel beam generation can be achieved when dy =
50.00 cm. At the same time, experiments verify the non-diffracting and self-healing properties of the Bessel
beam generated by this method, and clarify the evolution law of its characteristics: within the range of dy =
50.00 cm, the transverse intensity distribution of the beam does not change with the propagation distance, and
the divergence degree of the central bright spot is much lower than that of ordinary Gaussian beams; when the
size of the occluder is smaller than the central bright spot, the beam can achieve nearly complete self-healing
after propagating a certain distance.

In addition, the influences of capillary processing precision, laser collimation and environmental stability on
beam quality are discussed in depth, and targeted regulation schemes are proposed, which effectively
compensate for the processing defects of conventional low-cost capillaries. This study deepens the understanding

of the light field transmission mechanism in optical fiber devices, improves the theoretical and experimental
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system of generating non-diffracting beams by the capillary method, and provides a quantifiable and easy-to-
operate optimization scheme for the preparation of low-cost and high-performance Bessel beams. It has
important application prospects in fields such as university optical teaching and precision optical measurement,

and plays a positive role in the popularization and promotion of cutting-edge optical technologies.
Keywords: Bessel beam, capillary, anti-resonant effect, multimode interference
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