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Figure.4.Comparison between Simulation of Electric Field Modulus Intensity Spatial

Distribution and Theoretical Model in Optical Fiber Cross-Section

B 4 JEoR T OCAT T — 7 4 F) B e g P 3 A i 5 = ) O A LA AL, B

LA, AR DX sont B (1 2 b AR il bt 3 A e S AR A A, Dl sim (Y FEAS 5N

== ]2 (28)

A, A RPHET, IR R IR R OGBS, LI R g T Y

A AL R e S IR 5 5 ) 2 ) e A R A6 7 LA ) (10 25 LI A 50 158 O3 A 5 5

(16). ANKFFR LRI, H(16) N TS X IRHDOG s A FR i, A

O RS IR VUK PR B il X WA B0 2 0 A H 3 e 5 B8 (1 31 99 S ik e A

A7) A g SR IX I O 9 o AT PR AR, A% 0 Y 58— FRAZIE LSRR pRAL

fitIA , o AT AR P A A i T F PR R DR A R R, AL AT R S

AP ARAT.

Prble] 51, BANE n]ERONRBE A S, HALHT

B 5 00 Y63 o A 7 30— 35 Yo B A o Y R B R —— %4

T AR ARQDI, AR XEREME T, el R T 20 A
MAL4, NFH Bessel Yo i PR R AL 10 Z 3 T 5 TP R4,
HAFEME R s R i A, A2 S XN, & SRR L 5 2

13



AR RE TR 8] 5 A 2 BT ON —— G I AE A S R U AN SO A
FhRIS, SREAAAZE, ST BINE R E WEBEE, [F21E 3(b) s
R IET (27D IR AR, AZHIHIE I A N R 58 0 AT 2B A AE e L fiE
BRI T A AR RRRE, 5 F 6 Besse DGR G770 A U — 2L
AL, U5 EARE BAE 0 A A (16)50 . (17)A LU BANE H &R
RONLE ATV RN R BV AR AT, 38R B 40 R VA AL iBesse DE AR A4

HPLE S AT

4 ZBHER

5 BT BN M Bessel Y o S50 %6 B K]
Figure.5.Schematic diagram of the experimental setup for capillary-modulated Bessel beams
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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 capillary in this

experiment; (¢) One-dimensional intensity distribution curve of the Bessel beam generated by the

capillary in this experiment.
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% 2 NFAHATME d AR B 5 20
Table.2.Comparison of imaging quality when the thickness d1 of capillaries with different sizes

varies.

di/em 0.50 1.00 1.50 2.00 250 3.00 3.50 4.00 4.50 5.00

R=1.00mm
7=0.50mm

R=1.30mm
r=0.60mm

R=1.50mm

=0.80mm

ST, BANE AR, H SR AR AR A D, AN RN LB
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SRR, OB N TR 5 A R = SRR R AR AR AL S IR IESC &R, 33
F QT B AR, M Bessel DG AR 7 51 5 0 A (1 AUBEME R BE Se 2, B4
BARBOR, SCRIMERR BRSBTS AR T 20 B 5 1 R 4
994, (EFFIE AR ) 9 P 0 AT DREF AR RS AT L, BAHE AR S HUT I
i SR AT AR | (R AR S A U I S OB F R A,

UL, 2 d ORI, Bessel YGRS I A EE G It B 8 B, )
BN BEEBME RS, SCRAERRI KRB 58, PR k R & R
Ny T BORBUE] [REEAE, MRIE 2= 2+ 220, JBRZENSE HBNIEK,
TR DUSE IR B o IR, P EOCHRS [R5 A Bk G 22, ShE

(a) (b)

—>

8 BRI KE (a) BHBZNH: (b)) BAE M E#I);
Fig. 8.Ring Count Variation Diagram (a) Before Capillary Movement; (b) Capillary Tube Moves
Backward.
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Table 3. Comparison of imaging quality when parameter d> of the capillary with outer diameter

1.50mm and inner diameter 0.80mm varies

dr/cm 5.00 6.00 7.00 8.00 9.00

Y R
oA

— 4k Jt 5
oA

dr/cm 10.00 11.00 12.00 13.00 14.00

Y
oA 1

— 4k Jt 5
oA
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BEAL, IR B4R U il Bessel Y LA TOAT 4R, IR 7T ds A& 4 #E 25 %) Bessel

TG RAR TR AR IR A0SR 4 PR, fEBANE SME R=1.50mm. N4E r=0.80mm.
K [=8.00cm A 5 I i B 5 A 1AL BE 1=5.00cm Y 5 S 5 3% 4 [A] R
d»=10.00cm [EE FSFAF T, RGIRI T ds TR ER B X Bessel YR U it & (1) 5%
M A AN 4 P, ATRUKIN, Bessel DG &M Fl B4 6 5 BE AR DI ER 25 o5 138

K EIZEEGER, 24 d5=50.00cm B, S8 S0Z AR 1535 5], 7] S5 i & Bessel
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Table 4. Comparison of imaging quality when parameter d3 of the capillary with outer diameter

1.50mm and inner diameter 0.80mm varies.

ds/ecm 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00

YR
oA

— 4o
oA

ds/cm 60.00 65.00 70.00 75.00 80.00 85.00 90.00 95.00

YR
oA

—YENE 5
oA

33— I B P A S R /NG » ST T B4 /4 Bessel YL

AT, R A 5286 % CCD AHNLE T™MiE 5 2 J5 77 20.00~95.00cm &

P9, o3 SN o B iR A SR/ IR G A AT B A T AR 11 Bessel S i

Gauss JGHUIURBOREE, SLI0 BN 5 B, FF2hHr &A1 9(a) PR 45

EE IO TR, FRATAT LRI Bessel Y HTE B LI AP, HE 003 i it

FEhEE RN, HEA/DNREAEE.2E B, BAE A4 Bessel Yol B LT

S A i O A L0 DL S
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2% 5 Gauss YA Bessel Y6l FE B & BUFE E X EL 3

ds/cm Bessel YaH.0 5% 15 H A /mm Gauss J6HE H 4/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
(a) (b)

Fig. 9. Demonstration of non-diffraction property of Bessel beam generated by capillary.(a)

Divergence comparison of Gaussian beam and Bessel beam with propagation distance; (b)
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Evolution of transverse light intensity distribution of Bessel beam during propagation.

4.3 L5 % Bessel Yl H 18 E VEIRIE S48

fJe » A UEBANE ] Bessel o B A HE S REE A, AR 0.15mm

A 22 A g bk ), BB 2 a7, 1 10 3 CCD AHNLE T B kEig )

J5i 77 15.68mm [1] Bessel Yt o W 24 B 0T 37 Wi 52 56 o & B, vl & H A0 i e i

e iy 42 BEL 41 J 3 A BRIV 2

B4 10 Bessel Yt W Wi 24 5 BT 37y WL S 565 s = 1]

Fig. 10.Schematic diagram of near-field observation experiment for fractured spot

of Bessel beam

Nt PSSR Ty NP RARE B I 0, AR 2 J5 77 1.5m #YK

JulE EEOCPEIEAS , RIS 5% 2 (EAFEEE 4, T Bessel HIEE1E

B, P 11 Bk,

B 11 Bessel Y B 2 8 R 56 ik 5246 ) o 5 1A

Fig. 11.Schematic of optical path for self-healing property verification
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experiment of Bessel beam
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£ 6 ESY S5 IS 2 [HEE da AP L] Besselg Yt A% i & X bk

Table 6. Comparison of Bessel Beam Imaging Quality with Varied Distance d4 Between Occluder

and Convex Lens 2

ds/cm 11.00 13.00 15.00 17.00
JHE
ds/cm 19.00 21.00 23.00 25.00
JEHE
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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 unigue 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, 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 di between the

incident-end lens and the capillary, distance d» between the exit-end lens and the capillary, and

detection distance ds) 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

di 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

ds>50.00 cm. At the same time, experiments verify the non-diffracting and self-healing
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properties of the Bessel beam generated by this method, and clarify the evolution law of its

characteristics: within the range of ds>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

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.

(c)

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 capillary in this

experiment; (¢) One-dimensional intensity distribution curve of the Bessel beam generated by the

capillary in this experiment.

Keywords: Bessel beam,capillary,anti-resonant effect,multimode interference
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