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Abstract An approach for measuring three-dimensional (3D) volume scattering function ( VSF) of suspended
particles in water is proposed, in which one can simultaneously obtain the VSFs of several scattering planes in the
hemisphere space by using the detection method of parabolic mirrors combining with sensors. The 3D VSF
measuring device is constructed. With the standard polystyrene particles with diameters of 57-954 nm as samples,
the VSFs of the suspended particles in water are obtained, which are in multiple scattering planes corresponding to
azimuthal angles of 0°-180°.

The detectable scattering angle is in the range of 18°-160°. The experimental results

agree with the simulated ones, which verifies the feasibility to detect the VSFs of suspended particles with diameter
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less than 1 pm in water by this device.
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Fig. 2 Measurement device of three-dimensional VSF of measuring device for particles in water.

(a) Schematic; (b) photograph
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Fig. 3 Two-dimensional scattering patterns of single

particle with different diameters obtained by simulation.
(a)-(d) Polarization direction of incident light along = axis;

(e)-(h) polarization direction of incident light along y axis
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Fig. 5 Theoretical and experimental data of scattering intensity distributions of particles with different diameters.

(a)-(c) 57 nm; (d)-(f) 362 nm; (g)-(i) 954 nm

CCD (15 2 R F %} VSF #h 42 195 ¥F R A 8
M), 400 A TP e AL 4 1 RS Dl e i B CCD
B 5 IR R ECR AN 5] SR CCD IE s X
MR R IR L g B D K R s, M
FAEHREL VSF il i v (8 08 O 90 B e, 7 31
Wk i 2 BOG XU L 7R S IX I, VSE i 26 B
ORI FER LN 0.5°, BRI 2 BE R 5 R B
(1) VSE [l £ 3% B A8 Ak, AR 24 00 0 o3 B it K
i 2 JR 30 2 B B I8 By L 398 DR 25 199 [R) B O /N T 4 Ak
AR, UL G %8G . BoE o By 17,

E SR TR N N D o S R F
X FRIAR K T 802 F 362 nm 89P0k, i R T H
ok 362 nm (1 UKL BT S G Az 11 R R 1 3
AN s % FRAR /N T 362 nm B BURL L 3 T &
#2193 nm (14 UKL BT S G Az 11 R 2 R 1 i
1AM,

4 — YRR R

4.1 ANSRREIRAEIG x B SESER
NSO 8 i A1 T ) 9 Bl R X 8 Oy
RLAA —90°~90° X W A LS 2 Bk . H P BIUH O BT 5
F18y PO DX Ay 4 3T AT T A O O 41 5 v 7 B T
(=0, IR 2 X 00 He 3l 1 BT A OG0 Ik 75
] AU T (o = +90°)
HRAE I 2 90 25 5, B B 3 G A HIOG 52 ey i 2

FRVRIT ] /0> £ B X CRBCSR # oh 07~ 17°) FER 43 5 o)
£ DX B (RS A o 161°~180°) 4 A K Hb 8 I 36 44
4 X 38, (7 57 A1 S — 30°~ 30° B B 1H L B #A 90°
BF I DX o Y A G O 4R e [ S o e A
0 9 L R 5 e £ — 90° ~ —35° Bz 35°~90° Xf Jif
R I O AR 18° ~ 160° X W 1 X B, [, 7R A
SR 2 AR 0 A5 F T 6 T 45 1) 34 50 1 B AR BR
JE R H VSE & o= 0° % W 5 S T XK

M ASOER IR T M o . o=—80",0 18"~
160° I}, AN [a] BLAR WUk VSF it 6 frs . R
FH 35 05 MR 254 0y S 56 5 B il 2 =2 [ 19 D 22 1Y) 2
S% T RIRE T RIR N

T
P ruse = ;E (1w (00 — Ty (0017, (4)
k=1

AU SRR AR ey EL A0, 4 R B T
i BIAMISE R RS0 5 B 2 10 1
HEFT A L B

r =

DTy @) — Ty T oy 00 — Ty ]
k=1

’

(5
A Ty P T ory 7350 by 552 560 3R A B0 LSS L0 5
XIS B 05 BRI B R 2 M8 THR T AR ] 6 ()

0329001-5



2,
¥

ot

i

2
¥

' Pruse 5 BOAE 2000 0.1734 00 0.8652, 8 6(b)
W Pruse 5 B 28 518 0.2473 F100.9796, [ 6 ()
P s 5 BOME 23 510 0.0810 F1 0.9823, 18 6(d)
WP wse 5 r BB 318 0.0730 F1 0.9532, ST
2R S HE M T L P rse BO(EBR /N o A (50 22
EF 1. XF o=—80" W HUHif, K24 193 nm

1362 nm 1 JURL Y VSE 5256 il 288 3 5 Be o
—F, B s B/, A0 O R B K k42 57 nm
() ORE Y VS S 56 i 4 % 2 A oy W1 i 5 O HE AR 1
B JE RAR A 954 nm M FURE L P ewse (HE /N H
Je i T HE 0=40°BFr 80 T WA A L SOH AR G R B0
ZIN 3 B B T AR AR T 4 T

1.0
(@)
> 0.8 -
‘D
=1
o)
g 0.6 -
=
o}
N
= 04+
g
;2 02 L experimental result
: —— simulation result
0 1 /| 1 1 1 1 1
20 40 60 80 100 120 140 160
Scattering angle /(°)
1.0
(© i
—— experimental result
2 0.8 - simulation result
z
5}
g 0.6 -
=
o}
N
= 04
g
-
)
Z 0.2
O 1 /| 1 1
20 40 60 80 100 120 140 160
Scattering angle /(°)

1.0
® i
experimental result
> 0.8 —— simulation result
‘D
=1
o}
_‘é 0.6
=
@
N
=04}
g
s}
Z 02+
0 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160
Scattering angle /(°)
1.0
(D) i
—— experimental result
= 0.8 simulation result
z
5}
_‘é 0.6
=
o}
|
=04
g
o
Z 0.2+
1 I
20 40 60 80 100 120 140 160
Scattering angle /(°)

B 6 IR i o SR R AR BORL Y VSE k. (a) 57 nm; (b) 193 nm; () 362 nm; (d) 954 nm
Fig. 6 VSF curves of particles with different diameters under polarization direction along x axis.

(a) 57 nm; (b) 193 nm; (c) 362 nm; (d) 954 nm
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Table 1 Root mean square error between theoretical and experimental VSF curves of particles with

different azimuthal angles and different diameters under polarization direction along x axis

Azimuthal angle /(°) 57 nm 89 nm 193 nm 242 nm 362 nm 456 nm 528 nm 710 nm 806 nm 954 nm
—90 0.1291 0.1832 0.2351 0.2013 0.0322 0.1204 0.0713 0.0683 0.1141 0.0949
—85 0.1118 0.2238 0.2407 0.2093 0.0487 0.0923 0.0395 0.0473 0.0955 0.0793
—80 0.1734 0.2501 0.2473 0.2228 0.0810 0.0895 0.0330 0.0482 0.0828 0.0730
—75 0.2074 0.2792 0.2746 0.2261 0.1009 0.0869 0.0372 0.0392 0.0745 0.0704
—70 0.2892 0.3450 0.2885 0.2381 0.1445 0.0782 0.0599 0.0340 0.0476 0.0509
—65 0.2909 0.3365 0.2846 0.2362 0.1627 0.0613 0.0679 0.0392 0.0422 0.0447
—60 0.3813 0.3807 0.2988 0.2403 0.1712 0.0451 0.0847 0.0474 0.0345 0.0415
—55 0.3600 0.3826 0.3008 0.2380 0.1872 0.0496 0.0940 0.0536 0.0290 0.0373
—50 0.3881 0.3841 0.2874 0.2387 0.1939 0.0599 0.1062 0.0610 0.0292 0.0350
—45 0.3756 0.3764 0.2900 0.2346 0.1978 0.0703 0.1117 0.0561 0.0315 0.0311
—40 0.3240 0.3500 0.2669 0.2202 0.1954 0.0732 0.1103 0.0566 0.0286 0.0278
—35 0.3354 0.3329 0.2526 0.2038 0.1853 0.0695 0.1077 0.0566 0.0270 0.0276
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Table 2 Correlation coefficient between theoretical and experimental VSF curves of particles with different

azimuthal angles and different diameters under polarization direction along x axis

Azimuthal angle /(°) 57 nm 89 nm 193 nm 242 nm 362 nm 456 nm 528 nm 710 nm 806 nm 954 nm
—90 0.6730 0.9544 0.9895 0.9750 0.9964 0.9312 0.9806 0.9803 0.9564 0.9350
—85 0.7949 0.9691 0.9858 0.9711 0.9898 0.9563 0.9942 0.9870 0.9688 0.9375
—80 0.8652 0.9699 0.9796 0.9628 0.9823 0.9636 0.9938 0.9864 0.9743 0.9532
—175 0.8392 0.9620 0.9683 0.9594 0.9753 0.9679 0.9909 0.9859 0.9775 0.9471
—70 0.9063 0.9582 0.9734 0.9582 0.9612 0.9778 0.9886 0.9883 0.9855 0.9638
—65 0.9373 0.9710 0.9733 0.9581 0.9500 0.9853 0.9847 0.9876 0.9877 0.9716
—60 0.9254 0.9608 0.9665 0.9522 0.9311 0.9890 0.9752 0.9831 0.9896 0.9741
—55 0.9406 0.9521 0.9611 0.9494 0.9084 0.9875 0.9638 0.9775 0.9908 0.9787
—50 0.9255 0.9320 0.9577 0.9406 0.8942 0.9829 0.9498 0.9717 0.9898 0.9817
—45 0.9209 0.9201 0.9469 0.9408 0.8781 0.9769 0.9422 0.9727 0.9903 0.9847
—40 0.9355 0.9243 0.9476 0.9424 0.8773 0.9745 0.9465 0.9754 0.9919 0.9877
—35 0.9340 0.9291 0.9487 0.9469 0.8843 0.9762 0.9449 0.9744 0.9919 0.9888

4.2 ANHXERAEE yHEAFNIHRER
NI D 3 7 1l i Bl A AR I X 5
R ITAL A 0%~ 55° Fl 125°~ 180° X b7 A4 1l 5t 1
S RIS G R b s X8Rk 42 30T TR BT A SO D
P57 16 19 55 T (@ = 90°) , RIS 1 %% IX 1 o 2 3
AT NSO R AR 5 U T (e =0, & A
S50 ) AR R O B 5 1) A S RIDRE S B 42 A

1.0
()
»08F
§7)
5] —— experimental result
£06F —— simulation result
=]
S
g 04
°
Z 02+
0 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160
Scattering angle /(°)
1.0
©
» 08}
‘A
=
3
2061
g
= 04l —— experimental result
= Y. 5 .
g —— simulation result
8
Z 02+
O 1 1 1

20 40 60 80 100 120 140 160
Scattering angle /(°)

B VSF il & ,

G PR T 1y oy B, B =107 1, AN ]
HAW R VSF & & 7 iR, 5 14,
Bl 7)) Pruse 5 r BIME 5T 528 0.0456 1 0.9894,
B 7(b) 1 Pruse 5 r BIAE 5351 R 0.0850 Fil 0.9725,
Bl 7(OH Prase 5 r BB 53514 0.0262 F1 0.9962,
Bl 7(DH Pruse 5 r BYME 53524 0.0575 1 0.9671,

1.0

(©))
208
k7
5] —— experimental result
06 —— simulation result
=
S
= 04r
=
Pt
3
Z 02+
0 1 1 1 1 1 1
20 40 60 80 100 120 140 160
Scattering angle /(°)
1.0
(D
%08
X7
<4
3
206
g
= 04l —— experimental result
g ’ simulation result
3
Z 02}F
0 1

20 40 60 80 100 120 140 160
Scattering angle /(°)

Bl7 iy 10 iy e A ) BLAR MURLAY VSF 2. (2) 57 nm;(b) 193 nm; (¢) 362 nm;(d) 954 nm
Fig. 7 VSF curves of particles with different diameters under polarization direction along y axis.

(a) 57 nm; (b) 193 nm; (c) 362 nm; (d) 954 nm
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Table 3 Root mean square error between theoretical and experimental VSF curves of particles with different

azimuthal angles and different diameters under polarization direction along y axis

Azimuthal angle /(°) 57 nm 89 nm 193 nm 242 nm 362 nm 456 nm 528 nm 710 nm 806 nm 954 nm

0 0.0793 0.1320 0.0897 0.0570 0.0298 0.1094 0.0771 0.0568 0.0967 0.0655
5 0.0542 0.1286 0.0826 0.0572 0.0189 0.0943 0.0523 0.0410 0.0931 0.0597
10 0.0456 0.1052 0.0850 0.0557 0.0262 0.0873 0.0433 0.0379 0.0826 0.0575
15 0.0496 0.1024 0.0957 0.0679 0.0507 0.0829 0.0321 0.0284 0.0713 0.0552
20 0.0970 0.1348 0.1179 0.0741 0.0943 0.0712 0.0435 0.0285 0.0455 0.0466
25 0.0947 0.1425 0.1241 0.0860 0.1166 0.0431 0.0515 0.0323 0.0416 0.0428
30 0.1412 0.1562 0.1667 0.1092 0.1370 0.0308 0.0722 0.0409 0.0297 0.0369
35 0.2298 0.2103 0.1920 0.1328 0.1568 0.0439 0.0795 0.0514 0.0268 0.0376
40 0.2614 0.2389 0.2256 0.1684 0.1833 0.0639 0.0942 0.0609 0.0303 0.0373
45 0.3038 0.3234 0.2679 0.1977 0.2015 0.0787 0.0998 0.0607 0.0276 0.0356
50 0.3772 0.3940 0.2959 0.2255 0.2140 0.0872 0.1043 0.0650 0.0271 0.0334

0.4286  0.4522  0.3373  0.2517  0.2145  0.0882  0.1063  0.0647  0.0287  0.0349
FA HRARTT Ty B AR T A A [ B ORI VST B 25 5 56 il 2 i) 119 A O AR R

Table 4 Correlation coefficient between theoretical and experimental VSF curves of particles with different

ol
ol

azimuthal angles and different diameters under polarization direction along y axis

Azimuthal angle /(°) 57 nm 89 nm 193 nm 242 nm 362 nm 456 nm 528 nm 710 nm 806 nm 954 nm

0 0.9797 0.9298 0.9606 0.9868 0.9970 0.9542 0.9872 0.9891 0.9647 0.9562
5 0.9917 0.9300 0.9693 0.9888 0.9983 0.9630 0.9926 0.9946 0.9721 0.9622
10 0.9894 0.9362 0.9725 0.9904 0.9962 0.9716 0.9951 0.9942 0.9766 0.9671
15 0.9893 0.9405 0.9676 0.9888 0.9908 0.9761 0.9958 0.9949 0.9791 0.9631
20 0.9908 0.9428 0.9744 0.9922 0.9806 0.9860 0.9942 0.9925 0.9877 0.9695
25 0.9926 0.9477 0.9807 0.9945 0.9683 0.9938 0.9896 0.9917 0.9901 0.9732
30 0.9862 0.9472 0.9820 0.9927 0.9471 0.9949 0.9797 0.9859 0.9928 0.9791
35 0.9743 0.9522 0.9796 0.9882 0.9244 0.9907 0.9752 0.9798 0.9919 0.9791
40 0.9638 0.9515 0.9759 0.9781 0.8959 0.9821 0.9618 0.9732 0.9902 0.9777
45 0.9491 0.9463 0.9659 0.9669 0.8713 0.9713 0.9542 0.9711 0.9915 0.9809
50 0.9391 0.9432 0.9506 0.9482 0.8615 0.9656 0.9515 0.9689 0.9922 0.9824
55 0.9414 0.9424 0.9274 0.9355 0.8560 0.9650 0.9508 0.9681 0.9914 0.9816

Xt ECIEL 6.7 AT LAAC B . 25 A SO o 2k i iR DR A 362 nm HRPURLAY VSF 525 il £ 5 e il 2 ) 45 12
RiAE/NT 362 nm BYBURLEY VSF Ih R AZEB Rk I o= —80° WY i A BN B A 3T T 1 1Y
#2057 nm #1193 nm BHURLE) VSE B HYS MR RBLE/NE Pruss (B, B2 954 nm 1Y
PAETN — 2 H 5 1 (0907 M SIS B KR VSF £ B B A2 LA BT BAE 0 = 40°
MAAAE—E 225, I AL AL R EUN TR Ze 4 ARSRA BRI 153K BE J0I A 06 £
BRBYBORLE) . 75 =107 X5 N B9 HCS T 1, AR N i LRk, W 25 OR BOAR S Mie BIE TR 4

0329001-8



Es i

R — R KA B, X
DAL kg A GF TR 2 VSE il 2k 5% S It AR A S0
it 7 AU B T A ) B R L D s R T S
Z B BUR R G R 25 0, B I T R R b
BFBIFATEIE . [ A SCR Y A5 o 50K 1
BRI /NF1 e, 1l Hifl VSF % 22 90 2% R H
{8 s o UL 14 R A2 3 O R . B 40 Harmel 450
K FH B WUk RL A% R 3 pems Tan 4500 5% FH ) b o 00
KL B R 42 N 10,9 pms Lee 2510 4 T K 42
64 nm% 87.9 pm MY 6 FbRENR Y VSF.(H &5
RIRR e AN RS T kAR 64 nm 1 J80kE 09 P &
25 B s Slade 2519 70 BIXT B4R 4 330 nm 5 1.03 pm
(14 b o JORLE AT VSF W i 2 )5 . & B Rb SR AT
AR A R AL WA T — & M &
A R B AE 28 0 s TR A IR G A B D
ORI 5 G BE G2 6 45 JATY R ] okt e 23 — E Y
M) fEL A SC A 23 (10 2 AR X T[] 288 SOk 9 3 L g
g X RL AR /N T 1 pm B9 UKL HE 4T 45 S A2 2 1Y VSF
o
4.3 FHHEIRE

X FRAR KT 362 nm B BURL, — 4E BLST O K]
1§ e —4E VSF il 26 04 Bie 1155 5 52 50 ) o 25 SR Y
FW], 24 0=>100° B, 5 ) X 8k A IS O o A 55 . 5
AT LLZ W s X PR /DT 362 nm A9 RURL , LK
S A i R #4950, v] LUAE 0>100° B9 5 1) X 38 £
MEIH G . MARAR/NT 362 nm Y UK 78 U £

JEHI 20°~160" 1Y DX 48, R AR K T45 T 362 nm 1Y
SR IS A1 36 BBl 20°~100° By X8, A5 D 9%
D5y 2 BOF y AT ORI VSE il 2657 3 A X R
220 ILER 5,6, AT LLE . X T4 &8 10 BBk,
SV A AR 15 2 B (B3 ke A R HL R AR ML AN B
FifE/NT 362 nm (1Y) 4 B FORLTE B A 20°~160°
T P P ) S S8 A X 15 2 35 3k AH X 5/ O 70%60)
T 42 KT 362 nm FUkE L RIEERE 0=100° /Y J5 1] %
S X B S 249 A0 X R 25 K AR kB K (R T
100%), TEFFA ik VSF fhskdh, BA i ff
35°~ 553X I (14 HICS 1T A9 ~F 1 R X 58 22 3 /N (2 4
INTF80%)

Xof T AN B THD ) P XA X R 22, 7R 22 BN B
T A A X 15 25 i KK S B0 38 A R 22
{EL 2RI HE T A5 an X7 J7 460 1 0° A IO T S BB Sk R
Z/NF 362 nm WYUK )0 — 4k VSF i &7 0=
90° i, HHIS M #23T T 0, S BOA B 6 R 5 11 U
v SR 32 BRE T T 5 A B A AR R 25K . R
HBARKIFE KT 362 nm MR Y VSF i 4 76 J5 1] X
I ) S (B 0k FA T 0, B 2 5 LA BTG
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Table 5 Average relative error of VSF curves of particles with different azimuthal angles and different

diameters under polarization direction along x axis

Azimuthal angle /(°) 57 nm 89 nm 193 nm 242 nm 362 nm 456 nm 528 nm 710 nm 806 nm 954 nm
—90 10.37 18.80 44.18 55.39 11.44 1386.34 1145.07  714.44  2302.61 1413.20
—85 10.32 24.14 44.98 57.08 22.74 635.97  566.02  424.27 1241.31  876.47
—80 17.70 27.58 46.35 59.72 34.74 508.17 432,94  357.19 989.51 711.88
—75 21.81 31.86 51.48 61.13 42.09 396.78  367.58  262.69 820.26  587.28
—70 32.07 41.03 55.43 64.66 54.52 314.03  261.05 194.58 598.15  378.54
—65 33.46 41.62 56.73 66.34 59.77 237.34 190.55  142.05 464.84 298.88
—60 46.32 49.63 61.43 69.10 62.84 168.27 149.16  107.06 361.38  226.60
—55 46.43 52.93 64.69 71.18 67.69 114.62 111.30 82.83 261.89 144.97
—50 53.53 56.73 65.77 73.72 70.89 82.52 86.23 63.03 190.67  107.18
—45 55.85 59.83 69.59 75.68 73.51 62.78 65.95 51.95 148.67 88.48
—40 52.90 60.74 69.68 76.48 74.90 49.30 52.07 47.78 94.58 65.21
—35 60.11 63.66 71.45 77.14 74.37 44.71 48.07 46.46 68.81 52.24
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Table 6 Average relative error of VSF curves of particles with different azimuthal angles and different

diameters under polarization direction along y axis

Azimuthal angle /(°) 57 nm 89 nm 193 nm 242 nm 362nm 456 nm 528 nm 710 nm 806 nm 954 nm
—90 1705.19  3415.62 222,92 1285.81 76.36 34.58 181.17 310.07 548.72 603.10
—85 23.21 165.90 33.54 51.04 82.47 39.71 212.20 323.06 588.15 713.74
—80 7.78 59.28 31.28 41.13 50.42 40.60 189.44 269.47 521.95 649.24
—75 5.17 24.95 35.63 49.93 30.48 41.27 164.99 226.28 467.64 569.34
—170 18.53 18.12 45.96 53.55 31.21 41.24 120.49 155.42 394.79 412.91
—65 19.06 23.94 47.29 56.84 45.97 39.31 109.65 118.35 320.78 294.07
—60 27.07 28.93 55.60 60.79 54.95 44.30 99.11 82.42 247.61 231.74
—55 40.27 39.05 58.54 63.51 62.82 50.32 84.63 63.48 194.01 163.24
—50 42.42 41.42 61.87 67.36 70.44 54.54 75.04 54.58 143.02 116.97
—45 45.42 51.70 66.18 69.74 75.08 58.92 66.69 52.27 114.56 79.61
—40 52.16 58.40 67.61 71.67 77.83 59.49 61.24 52.69 103.24 67.17
—35 55.07 62.44 71.11 73.60 77.32 58.95 57.17 57.77 88.56 72.81
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