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Table 1  Optical parameters of citrus tissue

Tissue Thickness /cm  Absorption coefficient /em ™' Scatter coefficient /cm™'  Refractive index Anisotropic factor
Flavedo 0.190 0.012 245.512 1.369 0.933
Albedo 0.254 0.012 346.896 1.389 0.694
Vesicle 5.000 0.013 20.006 1.350 0.954
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Fig. 1 Photon transmission near transmitting and receiving fiber

2.3 RFEMELRMEER

XFFERIE 4180000 5, 2406 1 BB 2 o il i i A
B R E TR s B Y E M HbRZ i 2. e T
MLV 22 8 A S AL R O, B — A8 A br
F AT AR R LA Z OA BT 0 Z 8, Wi 2 ros , #
AE bR RS AR bR R SCSE Y R B R AR R o 15 3 A
FrF OX'YZ', 4% X h 30 Ik 41 e 56 #f B8 9 45 21 g, B
HrAsbr R HbRRIRR OX'Y'Z' . H,

sing=-————— cosa=——r—,  (5)
NE T Jzlit )t
. — Vit at
Smﬂziy,cosﬁzg, (6)
r r

SUHR R T - B B A 5 4 A BR A 2 ] Y RS
(s v 20 ) 20 A 25 A B A R 3R B A AR 25 )
S B AS LB 5t TFAE B A B R T T A K

cos(a) 0 y

u' =| sin(p)sin(a) cos(B) —sinpcos(a) u‘lo
U.

(7)

sin(a)

cosBcos(a)

—cos(p)sin(a) sin(p)

1005001-2



T AR S SRS I, MR S T 2 SRR T B A%
AT S B g B 2, 2R )5 38 0 30 (8-1) 5 (8-2) #5
7 18 A 5R e 4 B L AR AR &R v

cos(a) 0 —sin(a)

u = sin(ﬁ)sin(a) cos(ﬂ) sin(ﬂ)cos(a) ulk,
—cos(ﬂ)sin(a) sin(,@) cos(ﬂ)cos(a)
(81)
cos(a) 0 —sin(a)
u = sin(,@)sin(a) cos(,@) sin(,@)cos(a) ulo
—cos(8)sin(a) sin(B) cos()cos(a)
(8-2)

AR RIS 0 5 ) AR 5% w6 T AR S 2 NG

P2 T SR T YOG T

Fig. 2 Photon transmission near sphere boundary

2.4 MCHEBRKMIER
AR SCAHFH C/CH+ X Wang 267 & A #1938 F MC
FEF AT, 51 AW & OGET IR BE T 1 = 2Bk IE
ZH SUBE R v i ST T R T L SE 3 B A AR T 4 A
JEIER I R G, WAL = 2RI 4L gL d 3
TN o HH RS G £ 0 A IE A AR AR AR R G 7
ARG A B WOCET T R SR A, REAR S
LR YR R R 0.3 em A2 U2, DAL B 52 1Y
KA B o 8 SCRERE DA AR FEAS Sy = )2 BRIE 2540, {1
FEANR Bz R MR A 452 O [ BR A R A
FREA A . U5 AT 04 05 s Al X 18 i G R
Ry 6T 1438 8 i 4e KB D AR A 2 A R0 7 4 ke
P 18 RSRNZWOCET 2 BRI FARE . NIHRR
S A AV GO B 43 BT B R K RS B AT 0
— AL A BB R [0, 1]1X 8], 15 2 A 18 B R,
Xof TR A £ 0 F TR O 8 s AR K DL i
BN
_ N .s‘]
D—;N, (9)
s N R B T AR SN AL R B s N

5 UL R SEBR AP
5 JE B PN TR AR BN I 4L A0 O 3% A I Y E

2505 F 10 H9/2023 £ 5 B/ E N

P SCRINEA RO T Atk Pl

N,
PEZIVX 100% , (10)

4¥d

PN, Dk AR A Z 96T R Ny O e 2T A 2

UB/RSESR ¢

K3 W Aeer iy =R ERE A
Fig. 3 Three-layer citrus model with sphere interface and fiber

probe

3 DIRERE M

A G T Bl 1< 108, 8 22 i 6 M AR 2 4L
HFEBHRARNE R MCIEFE . B0 hS 5%
BE N R AL LR AR 1 =100 pm , FEWOLEF 1)
75242 r=100 pm, BUEFLFE NA=0.22, {jj HA} %
PE R — AR B R % B ELT P 0 AR ) B BUE G R
50~400 pm, £5 B A #E Jy 50 pm & 556 28 B0l fL 12
NA, B EUE 4391 0.17 .0.22.,0.30.0.50, $ZWIGEF £F it
2, BUE AL AR NA, B BUE 1R E o il B] B2 p (14 B
EYE R R 0~0.1 em, ff E A 4 0.004 cm

phy P 4 AT 2R Xof A7 R T A AR R U, A X 1 S
R A7l (8] BE B p RO LR £F AR (R RE
FER TR B AR 250 S 80T, A G 18 2 i 5 o il o0 B 8
AR R B, R F 4 K 2 B0 T 10 S 5 B AR
B TR RS R HE BRI B A R A AR Ak B0k
e 5 g G HE Y B B T RS B KRS WIS AR LAY 2
JEniR A KRN S M <p B, R X S
R i 25 i 10 B ) B KT R . X T R SRR
HHAEFLAE NA, DCLF LR W48 /)N A6 21 119 46 X
18 R SRR . X 5 3Cmk [ 19145 2] 00 4598 (FF 3 21 4h
S ARSI T O BN INBUE FLAR I & SR ET)
— 0, X THRWOCLE  HBUE LR NA B K, A X 8 2
PR o BEAE BT B 2505 42, X A X
SR EA WP B 3R BSOS IE
W RE 1 M e o . R AEIE T2 5 AR SR s
BUF RS VPR R OB LR 48 . 2 p=0.06 cm,
=400 pm I, A X {8 S22 A4 F] 35 5 0.7606

F S BRAFDEAHE LM S BT OLT 1 F s )
BARKE . ST V108 B AR K R 32 2 22 R i
PRI 1N N3 N G B T 8 i o S 58
ORI B G £ e v B O T A IR

1005001-3



2505 F 10 H9/2023 £ 5 B/ E N

: v :

& et

T ——NA=017 g —e— NA»=0.17

= > ——NA=022 = —a— NA»=0.22

E ——NA=030 & —e— NA;=0.30

S . . . . ——NA=050 = . ' . —o— NA»=0.50

0 002 004 006 008  0.10 0 002 004 006 008  0.10
p/cm p/cm
1.0

8 0125 (©) | —e—171=50 ym 8 —e— 15=50 um

5 wer=100pm 5§ 08T o 12=100 pm
< 0.100 g

& —e— 11=150 um & 0.6k —e— 13=150 pm
€ 0.075+ ——7=200pm 8 —o— 75=200 pm
5 —. ——n=250pm G g4 —— 1,=250 pm
-'g : ——11=300 um % —— 13=300 um
E 0.025 71=350 pm § 02F 75=350 um
2 0 . . . . —4—7=400 pm 2 . SSSSSteee T Yt aaa = | —+— 7=400 um

0 002 004 006 008  0.10 0 002 004 006 008  0.10
p /em p/cm
Fl 4 REDCAIE G S 5T 103 — LA X8 R 5% (a) A [R) NA T 9 U3 — 4 AR %8 R 5% 5 (b) AR NA, T 05903 — AL AR X 18 52

BER 5 () AT 7 R B9 IH— RIS 18 BN 35 (d) ATy 1 B9 UH — FR AR X 18 B 36

Fig. 4 Normalized relative diffuse reflectance at different structural parameters of fiber probe.

reflectance at different NA, values; (b) normalized relative diffuse reflectance at different NA, values;
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(c) normalized relative
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Abstract

Objective
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The citrus industry, one of the most important fruit industries in China, is currently focusing on
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nondestructive internal quality grading. Near-infrared (NIR) spectroscopy has been widely used to provide accurate analysis
of the material components of agricultural products, owing to its advantages of convenience and efficiency. Among
different measurement setups, optical fiber probes are frequently used as a key optics accessory for collecting the NIR
spectrum. The Monte Carlo (MC) method offers an accurate description of light propagation in the fruit tissue using a
multilayer sample model, which provides the theoretical basis for the design of a more effective optical fiber probe in fruit-
quality inspection. However, in the MC model, the target sample is usually described as a combination of multiple semi-
infinite turbid mediums, which simplifies the structural characteristics of the tissue. Moreover, the structure and geometry
of optical fiber probes are also ignored in most cases, which may lead to deviations in the simulation results. This study
develops a more detailed description of light propagation in citrus tissues by analyzing the photon transmission near the
optical fiber probe as well as the surface boundary of the sphere sample and suggests a probe design for reflectance-based

detection.

Methods Based on the characteristics of citrus fruits, a three-layered optical model in the shape of a sphere is
established, which includes flavedo, albedo, and vesicle layers with different absorption coefficients, scatter coefficients,
refractive indices, and anisotropy factors. A simulation system of citrus-quality detection is developed, comprehensively
considering the injection near the source fiber, the photon track near the surface boundary, and the information collected by
the detector fiber. The corresponding changes are implemented in the general MC code for the simulation of transmission
characteristics in the citrus tissue, including normalized relative diffuse reflectance, average motion pathlength of photons,
and the percentage of effective photons in vesicles. Then, MC models with specific parameters of the optical fiber probe,
including the numerical aperture and radius of both the source and detector fibers, and the source - detector distance are
established for MC simulation.

Results and Discussions Based on the simulation results at a wavelength of 800 nm, the guiding principle of the
optical fiber probe design suitable for citrus spectrum acquisition is determined. As shown in Fig. 4, the normalized relative
diffuse reflectance increases with an increase in the radius of the detector fiber and decreases with an increase of source-
detector distance, while other parameters show no significant influence. The average motion pathlength of the received
photons increases with increasing source-detector distance (Fig. 5). In this case, the acquired spectrum carries more
internal information about the citrus sample. For the percentage of effective photons in vesicles, a large detector fiber
radius of 250 pm or more is recommended to achieve a stable result (Fig. 6) as well as a longer source-detector distance.
Based on the simulation results, a new structure of “4 in 9 out” coaxial fiber probe is designed to direct light emitted by the
light source and to receive the feedback signal (Fig.7). This versatile fiber probe achieves a collecting efficiency of 3.24 %
and a percentage of effective photons of 0.07 % in MC simulation.

Conclusions Nondestructive inner quality inspection techniques play an important role in the fruit industry. In this
study, light propagation through the citrus tissue is simulated by the MC method to determine the relationships between
fiber probe geometry parameters and the detected optical signal. A three-layered media model in the shape of sphere is
established for further simulation and analysis. The optical fiber probe parameters that are closely related to NIR spectrum
measurement are explained and introduced into the general MC model, and corresponding simulations are performed to
determine the basic designing principles of the fiber probe in citrus tissues. Based on the simulation results, the radius of
the detector fiber probe and the source-detector distance can be optimized to obtain more information of interest, while
other parameters including the radius of the source fiber and the numerical aperture show limited impact on the simulation
results. To achieve higher collection efficiency, a larger detector radius and smaller source-detector distance are
recommended. Moreover, the photons received by the detector fiber are found to carry more information on the inner citrus
tissue when the source-detector distance increases. A versatile optical fiber detection structure is designed with a large
detector fiber radius and multiple source-detector distances to increase the level of received information of the citrus
sample. The MC simulation result of the fiber probe indicates that the photons from the vesicle layer can be efficiently
collected and the sensitivity of citrus inner quality detection is further improved, which provides a theoretical reference for

designing a new detection accessory of nondestructive quality evaluation by NIR spectroscopy.

Key words fiber optics; optical fiber probe; Monte Carlo simulation; nondestructive detection of citrus fruit; near-

infrared spectroscopy; sphere model
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