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Abstract ; It is difficult to measure the particle size distribution for multi-modal particle system in dynamic
light scattering technique, because of the ill posed problem in the data inversion. In this paper, the
smooth constraint penalty term is added to the objective function of Tikhonov regularization, to improve
the performance of inversion by enhancing the constraint to the solution. Three groups of simulated
bimodal particle system (190/443 nm, 282/953 nm, 457/553 nm), one group of simulated unimodal
particle system (564 nm), and one group of simulated trimodal particle system (292/591/889 nm), as
well as two groups of experimental particle system (306/974 nm, 300/502 nm), were tested in this
paper. The results show that, in the regularization inversion. adding the smooth constraint penalty term,
can effectively eliminate the spike and spurious peaks in reversed particle size distribution, improve the
resolution of particle size distribution and increase the ability of noise reduction, which, sequentially can
make better use of the advantage that Multi-angle Dynamic Light Scattering (MDLS) technique could be
able to provide more ultrafine particle size distribution information in medium and large size range, and
then realize the accurate bimodal and multi-modal particle measurement from nanometer to submicron
size range.

Key words: Scattering; Particle size distribution; Particle sizing; Inversion; Multi-penalty regularization
OCIS Codes: 290.0290; 290.5820; 290.5850; 120.5820

EEWH FXKAARFHSE (No.61601266) Al A4 H H IR} H 4 (Nos. ZR2014FL027, ZR2016EL16) % 1l
E—1EH B CIEA991—) B LT A, E ST I 0 8 3 A6 EUE I Email : mrxiuwenzheng@163.com
Sf (BIWAESE) B E(1962—) B H#2 A BRI T MO HURE 2 A B R . Email : shenjin@sdut. edu.cn
Wi HHEI.2017-08-03; R A A 2017-10- 17
http : // www .photon .ac .cn

0129001-1



P/ R S 4

0 35

A CHUN (Dynamic Light Scattering, DLS)$¢ A& M & WV f0K Kz 44 K UKL 9 A 2007 ¥ 1% 07 Bl o
00k YA VA P RIURE 1 1 Sl T i 2R BOR SR IBUURE 1R BE 23 A1 7 B DLS FOR HA B H il A T IR BEI0 14 & A 4R
AL AL © 2R TR B 48 K UKL I e Y — Ao O 1%

7E DLS 5 AR o, JURRLBE 43 £ii (Particle Size Distribution, PSD) R BUF R i 45 — 2 Fredholm
TR J5 B 3 207 T 00 SR S — A 285 (0] R i DX — [R) R, VF 22 Bl R B AR 3R T 2R L A
e Abr O | ER /i O/ N <7 (Nonnegative Least Squares, NNLS) ,CONTIN kD FERCRAEEN L R
W a7 S8 20 1.5 (Truncated Singular Value Decomposition, TSVD) %, BRI E LKA MBFAS L H
XL % 2 U SR AR 22 R E R G 43 A 1 et — L R R A S AR G A 2 114 W A

1985 4, Morrison 5 Grabowski'™ 5k H] NNLS 5.3 5 i 50/166nm /NFURL (1 X0 JURE & & DLS #4
B3 T /N ek (Least Squares, LS) B B i) 2 38 4% 5.1987 4F , Cummins 5 Staplest™ 3 F§ NNLS
B30 W) I 43 BT TR A R B2 (45°/70°,45°/90°,70°/90°) 19 250/520 nm B FHURL (A & DLS Bdf . b F3m 17— 4
FICSRT A7y 155X gk 14 249 R, 3 T R v S T 4 SR R RS PR X A v R U 1 3 R R T R L0 R R B 43
A3 5 DA/ T 300nm (9 /INURL A A28 30 [ 4 5 3] 55 A7 v RORE A AU U4 1 1 R0 3 A7 1. 1995 4F, Bryant 5
Thomas™ i it NNLS %k [F B S i 7 24 BE AL 100/200 nm . 200/500 nm Al 300/500 nm () B 55
S 300/500 nm XLUERTURLRL BE 43 A5 (9 DLS 8l » i — 20 35 i 1 04 UK iz J8 235 S 1) 1 1k

2008 4F . Rasteiro 55 Temos™ '™ R i A 48331 0 29 3 9 IE W 4L 75 1% —CONTIN 53k, % 19~806 nm iz [
A ) 22 2 R0 K AR 2R DLS B0dls pEAT [ 3, 915 NNLS B3k PEAT 1 Fe & A NNLS 52 4k 4 28 W 3 A7 5
i AR . CONTIN B39k 38 M 3 98,2010 4R, Xinjun Zhu 5577 3R FEE 5 35/ = 5 #0455 18 4 fie
(Nonnegative Least Squares-Truncated Singular Value Decomposition, NNLS-TSVD) & #% Xf 300/500 nm ¥
BEALIXIEE LA K2 5200 19 100/500 nm XL ORE DLS B 547 1 KL BE 43 A1 S i, =48 S D0 £ 406 A1 100/300 nm A5
POECHE S T XKL E 43 A o {H 300/500 nm AL 4LLECHE Y S 8 45 RALAF B 1 400 nm 9 BRI 3 A1 L R 5K e
SEARAY A — 5 T 32 PR T AR — AN B A 5 53— T Ja PR DU S 52 R T B 1k ) LU 7 BERE )

NNLS 5332 B8R fE 51 0 29 58, 4 I 5 52 W 75 52 el 1), S i 45 2R b A I 23 i AR ) . NNLS-TSVD 5.
AL EAT IR Y, HJRTE NNLS 50306 (9 SR fly b0 52 38 19 A% 50 BF 36 47 1 08T &5 5% 1 43 . CONTIN 5%
N2 3T Tikhonov IE NIk ( Tikhonov Regularization, TR i o gk 58 5k, 7048 S0 L k47 T IE A 9 0.
TR B 5 CONTIN Bk BER A T ARSI WUHEAT 29 AL 31, iy TR JH A9 02 B — A5 50 000, 32 94 15 6E 7 IR, 7E e
PRI KB LT o S8 25 5 ATY SR 256 B i L B, o xfl DA A5 3] 3L ARL fr) 006 A S It 22 W JUR AR % 1 R B 0 A

h T DR WL K 22 W ) A1 BIURL KL B 23 A Y ST BE ), AR SCR A A5 5 IE W) 4K (Multi-penalty
Regularization, MR)JE ¥, B 8 78 TR S35 19 H bR ek B0 0 A EA - 30 29 93 G 19 78551 500, % B0 110 X e
=05 DL K S0 1 R 53 A BIUREAR 2R 1 DLS Bl 64T 17 S i 25 R R WY L 78 1E U Ak Sz 38 rh 3 im B -3 2
PRI RE BY AR 00, ] A5 SR ARRORE J32 3 A1 sz T8 295 2R 1140 W8 {1 15 2 AR A 158 22 L 418 vy 20 U JOURE A 2% 1) e T8 T

1 RiE
7E DLS & F AR i, Y658 3 A 5 B (Autocorrelation Function, ACF)
G®()y=BA+p gV (x) ") (D
K, B AL, B AMTHET . (o) MA—fLd g [ A RE 6T 5 UURL (R &R
gV ()=exp (—I't) (2)
X F 2 ik &
g@ () :J”Gmexp (— I'o)dr (3)
HEHb e 8
g(l) (‘L'j): EG(P,)GXP (*F,'Tj)v(lh :1929"'9N;j =1,2,+,M) (4
i=1

0129001-2



1B SCIE 55 « Sl A6 R I 4 A9 52 7400 18 DU 4 J 3

At N S RCEC ML B G G (D) A — e B840 EL | 6 () = 130p

I'=Dq* (5)
q:4;msin% (6)
q AR m R AT LA ORI L0 R HUR M. D O BURLERYT BCR B H AR R U
kT
! 3D )

A oky T g 1D 35102 Boltzman 4, 48 0 L 3 B B AR P4 2% BORVBORE 1 W 44 3 ) 27 Aol 5
KA (1) ~ (7)), W] 45 30 R 0 AORE (4 67 B 43 A

T 2 M sh 5 6B (Multi-angle Dynamic Light Scattering, MDLS) ll & , 13 —{k i) #5375 A1 5% bR
Homy B HOE Rk o0

g (t;)= ZG(FOM,)/D,.) exp (—I'v(0,)7;/D,) (8)
=1
G(F()(@,)/D,):kgr(:l (eraD,)f(D,) (9)
_16mn*KT (0,
F()ii&y/\z sin (2) (10)

P U 0, =0, .0, 0k sk, X RIS A 0, 1 F A SCRBUNALE RE.C, (0, .D,) N Mie HUH R 4L,
RIRLEE S D, Y RO B A B2 0, Ak RIS S6R 43 30, AT3E i Mie BRI RS, /(D)) TR 1 PSD, ¥
HKOFRAK ()1
g (r;)=ky, D exp (— Iy (0,)7;/D)C,(0,.D,) f (D)) (1)
Hpm &8k
g =k, F, f (12)
Krf.gh) RaRBEER (M, XD &, HITR N g5 () Fo, RRAEHCH (M, X N) BYFEFE, HITER N exp
(—=T'y(0,)7;/DHC(0,:D,) s f FARITCEN £ (D) BN X 1) 4k 4.
1.1 Tikhonov IE |4k
KO A E R F I IR
Ax=b (13)
HMilEAERy .« (M=N)N Hilbert 5[0 X #|B A RLHEH T .xEX.bEB, HITE N exp (—1I'i7;),
x MITERGI )b ITTEN g (z,). TR F ik T L fk B br ki %k
M (x.b)= | Ax—b | *+a2 (x) (14)
K 285 I LA A FIRH ) R 28518 i) R0 o DA TG 5 1) — 5 L S A AR B 3 (Ao A TE U 2880, 58 3 L-curve U
M B, L-curve #ENE DL log-log REEARAMARIEZE | Ax—b |7 50 | x |7 A9 HRZR, nT AR B il 26 i il %
PRI B S TE D) 2 0, i 23 e Ak D oty e %) 455 £ A L X6 68 TE D) 2 880k B A TE U 24
Q () HREZ R, —BIEN Q (o) = [l Lx || * \L 555 F A0 Hwe O 2 28 (15)

L x| <l|Ax | <b | L x|l .s>0.6=1.xEX (15)
Mo KA, BEBIEL B/ eSS LRZA5 .Y x BB L AR 58, TR 8209 fE

oAz,
1.2 S&EINEMNL
KAOMAETI B || Lx || * 155 MR /) Hbr R 5L

M (x,b)=[|Ax—b | *+a x| *+8 [ Lx | * (16)
28R — LA ] o A L ﬁ%?*ﬁ*”ﬂﬂfﬂ%ﬁmwm 55 IR T R TR O IR o B Ol IE
WU A6 2 B0E 5o s 26 AR B B YRR BOTR T R AT BE L, AR SCOR B AR ARG, R R R N B
(Minimum Distance Function, MDF) & %%

0129001- 3



P/ R S 4

Vg =llog[ | Ax(®—b 5] —log [l Ax (B —b [ }1]*+ [log[ | Lx(®) I §]— (17)
log[ I Lx (B 157 ]*
75 35K B 2 28 57 1 00 2 500 2 AR AR A
g — lAxB®)—=b 15 log[ | Lx(B*) ] —log[ [ Lx(B,) Il %]
TLx B> 13 log[ lAx(B“)—b 3] —log[ | Ax (B —b | ]

LB, By 4Bk A K B 0 S5 KA SAE RS 07 . MR B 9 1 00 2 8000 3 BOR AR R - 158 i
L-curve {fEN] % 1 1B W 25 o, 1H5H B, B MU BB ER AR A9 0) 1 1E U 28 B (B, <<B <<B\) » I K iy
x (B R IR IE M B H B B By F x (@, OO AR A8 H R — A28 g0 15 HAH B 10 7
x Cas BV ST S FUWTIE A5 A5 kAR v | (BT — B9 /YUY [ <10, U AR 5 Ak AR E B il g kBt
9 B A e L IE N SR AR L A B =R AR UKCEE & I T A 42 3R

2 HEEU

AR 3 2 R ORI 22 (190/443 nm,282/953 nm,457/553 nm) 1 41 HIg R AR &R (564 nm) Al 1
2 =W URLAR 2 (292/591/889 nm) B4 DLS K4 47 S vt BEHUEHE R A 19 BOG I+ A =632.8 nm, %
BATHH 0, =133, Xl T =298.15 K, PIRZE 2 H 8 by =1.3807 X 10 % J/K, Mt R E =0.89 X
10" g/nms. B B sh G EUST (Single-angle Dynamic Light Scattering, SDLS) il £ 0= 90°, MDLS i
MM 0= 40°, 50° , 90°, 100°, 140°, 150° Bl LI FN — A JGUREREL BE 43 A 35 2R X 85000 285 40 A1 e 45

(]2:091929"') (18)

. . 1 (1H(D1'/Dg.1))z}
Dy=——exp | — : (19)
S (D) Dmme p { 27
_ 1 (1n(D,v/Dg.1))2} [ (ln(D,-/ngZ}
D;)=0.5 —————exp | — . +0.5 —————exp | — . 200
SO =0 T e p[ 201 Do /ix 20t
B 1 (ln(D,/DN))Q} 1 1 [ (ln(D,/Dg.z))z}
D)y=—F——"—exp | — o —————exp | — . +
2 3 Do, /21 p{ 20 3D, /2m 207 (21)
1 1 ~ (In(D;/D,.5))*
5Dy /2m { 20 }

LAY .COFM CQOH LD, NEBIPRKE.D, D, .M D, s R AR .0, 0, Fl oy NPrHERZE.H—
A 3 A RH OG oA BRI i st 2 (4) B0 (8) B AT L i F A G R B3RS B 3 2 () A5 3. Ry B 4 3 S B N
B, XA R [ AH OC R AR I AR R K 0 S 1077 .10 1077 (107 I B LI 75 5 M A kR A
AH 3G PR AL

gl ()=g® (r)+0e 22)
K e FRAHLEE R MR 595 5 TR 330 0P BRI 3 MRS 5m [3 A 5C oR E5085 4 25 17 53, o] 45 31 5 5K 19
PSD, ke 5 DL F 3805 9 B i Ve Be 5| AR T M BE 48 b

N
A‘ 5 /5
Vi=(2 @)= f D)) (23)
i=1
v, [P P | »
p!ruc

SR £ (D)) SR ST WURORLRE 43 A 4 (D, ) g 3 A IR J8 4 5 o WA B B0 527 UKL
FE A 1 W D3 A0 o e 9 S 0005 590 0 TORR B W8 003 00V, LV (BN BT £ (D) 5 f (D, ) e
J2 T B 1 e

TEA —Fh W A3 A B . D, =190 nm.D, ., =443 nm.s, =0.15.0, =0.075, FUKRL B 43 4 3 Bl N
[2 nm, 650 nm ], RAEESECH 1007655 —FBUE S B . D, , =282 nm.D,., =953 nm.s, =0.18.6, =
0.07 , UKL B 43 A W BN [2 nm, 1 400 nm ], SR FE SLECH 100,78 55 = Fh XL 73 AR 24 b . D, ., = 457 nm,
D,.=533 nm.o; =0.035 .6, =0.03, WOKLALEE 43 70 Y5 [ F [2 nm, 750 nm ], RAESECH 100, 76 5005 58 3 11
Brh, D, 1 =564 nm.o, =0.23, FORDRLEE 43 A 30 M2 nm, 1 500 nm ], RAFE fLECH 100.7E =108 3 A B 40

0129001~ 4



1B SCIE 55 « Sl A6 R I 4 A9 52 7400 18 DU 4 J 3

H1.D,, =292 nm.D,,=591 nm.D, ;=889 nm.s;, =0.16 .5, =0.03,0, =0.01, WO KL B 4345 75 Bl A2 nm.,
1 200 nm ], RFESECH 100.

K182 4351k 190/443 nm BRI ORL (4 2 9 SDLS/MDLS 4 76 A [7) /5 K F T TR 33 5 MR
SR RO SE B 3R 138 2 4300 kg 9 o B 3k X R [) M 7R KPR Y SDLS/MDLS #3040 i 8 1) 1 e 2 4. < 1S
FIRTEA [R5 KSR MR 2 35 AR B (Tteration Steps, IS) . ¢ S CPU FE0 . “True PSD” /R A48 1)
“ LS ORLRL BE A A

MW 1K 2 53 1.3 2 AT LA E AT 190/443 nm 19 X PR 4K 2 L 5% ] SDLS Wl & i, To i A 0 M
PR MR B3 3R A5 1 UKL W {5 158 22 5 40 A iR 22 ¥/ TR A TR BvL iR 25 32 M 52w, 3 TR 53k
S5 V8 ) IURE R BE 43 A v A R R B

0.045 0.045
—— True PSD —— True PSD
0.040 TR 0.040 - TR
0.035 --e- MR 0.035 --e- MR
0.030 0.030
a 0.025 A 0.025
£ 002 2 0.020
0.015 0.015
0.010 0.010
0.005 0.005
0 } 2bmals® } } ) 0 % - oo o e
100 200 300 400 500 600 100 200 300 400 500 600
Particle diameter/nm Particle diameter/nm
(a) Noise level is zero (b) Noise level is 107
. 0.045 ¢
0.045 —— True PSD —— True PSD
0.040 - TR 0.040 + TR
0.035 - MR 0.035 --o-- MR
0.030 0.030
o 0.025 A 0.025 ¢ vl B
z z H
0.020 &~ 0.020 | L
0.015 0.015 *b
0.010 0.010 'b
0.005 0.005 B
0 & s 3 0 " sl
00 200 300 400 500 600 100 200 300 400 500 600
Particle diameter/nm Particle diameter/nm
(¢) Noise level is 10 # (d) Noise level is 10 °
0.06 ¢
» —— True PSD
0.05 'y TR
P - MR
0.04
2 003}
=9}
0.02 %
e
0.01 it
i

0

100 200 300 400 500 600
Particle diameter/nm

(e) Noise level is 1072

B 1 190/443 nm WIEF KR SDLS HBEEFFRFAF T AR EHRELER
Fig.1 The reversion results with TR and MR algorithm from simulated SDLS data under different
noise levels in 190/443 nm bimodal particle system
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Fig.2 The reversion results with TR and MR algorithm from simulated MDLS data under different
noise levels in 190/443 nm bimodal particle system
F 1 190/443 nm WiIEF Ik Z SDLS B EARRREF K ETH R EEESH
Table 1 The performance parameters for simulated SDLS data under different noise levels in
190/443 nm bimodal particle system
. Noise TR MR
Size/nm
level V. Peak value/nm V, Vi Peak value/nm Vv, 1S t/s
0 0.060 7 196/452 0.031 6/0.020 3 0.052 8 196/449 0.031 6/0.013 5 7 4.902
107"  0.062 5 183/430 0.036 8/0.029 3 0.059 9 190/436 0/0.015 8 5 4.087
190/443 10" 0.069 3 203/446 0.068 4/0.006 8 0.062 1 196/436 03031 6/0.015 8 4 3.268
107*  0.090 6 177/430 0.068 4/0.029 3 0.074 3 183/436 0.036 8/0.0158 5 4.087
107%  0.154 9 158/410 0.168 4/0.074 5 0.133 6 170/410 0.105 3/0.074 5 3 2.451
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x2

190/443 nm R IEFH KR MDLS HIEEREEE KT THREEESE

Table 2 The performance parameters for simulated MDLS data under different noise levels in

190/443 nm bimodal particle system

. Noise TR MR

Size/nm

level Vi Peak value/nm Vv, Vi Peak value/nm V, IS t/s

0 0.038 6 187/430/449 0.015 8/0.029 3/0.013 5 0.030 1 187/443 0.015 8/0 9 7.353

107° 0.040 9 184/436/449 0.031 6/0.015 8/0.013 5 0.0395 183/443 0.031 6/0 6 4.962

190/443 107" 0.047 6 184/436/449 0.031 6/0.015 8/0.013 5 0.046 3 196/443 0.031 6/0 4 3.268

107° 0.050 7 180/450 0.052 6/0.015 8 0.046 7 196/446 0.031 6/0.006 8 5 4.087

1072 0.057 2 203/450 0.068 4/0.015 8 0.050 1 200/439 0.052 6/0.009 3 2.451

Y5 SDLS il & AH kL . >R Fl MDLS i 4 i, 38 i TR 5303k B i B BORDARE BE 23 A1 P B 01 00 58 O 8, 24
0 T BT W (L RS 30 PR 2 B R 18 22 W, 3 OGS I 4 45 3R 1 R AR R HE L MR SR Y SO A R T R GE T

A B 8 P % UL JBE A S B0 L S OB BE S A
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R ERESEL K 3. & 4 53 3,38 4 iR R SDLS & i, 3 8 TR 595 S 8 kb BE 43 A
B T A T B LA A 5 T S BORDRE B A0 A A F L 953 nm B9 S 38 0 A W TE . T L BE 25 MR R K P Y
T 55— A 0 £ 5 T A S LB N I BT 2 A B0 MR Bk 4 SR I ok T X — N O ST A R )
A 1 22 5 I 1R 25 (394 BT R AR R MIDLS I # B, 953 nim 52 7 43+ A3 A4 72 58 5 17 J2 175 490 15 310 AT 2803 ks
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Fig.4 The reversion results with TR and MR algorithm from simulated MDLS data under
different noise levels in282/953nm bimodal particle system
3 282/953nm WIEFH{E R SDLS HIFEEARRSEKETHREEESH
Table 3 The performance parameters for simulated SDLS data under different noise levels in

282/953 nm bimodal particle system

Size/nm Noise TR MR
level Vv, Peak value/nm Vv, Vv, Peak value/nm V, 1S t/s
0 0.077 1 268/946 0.049 6/0.007 3 0.065 6 287/960 0.017 7/0.007 3 6 6.024
10°° 0.0793 268/946 0.0496/0.0073 0.0735 282/946 0/0.0073 4 4.401
282/953 107"  0.094 7 240/939 0.148 9/0.014 7 0.074 6 268/960 0.049 6/0.007 3 5 5.502
107* 0.110 1 233/827 0.173 8/0.132 2 0.077 8 261/862 0.074 5/0.0955 3 3.301
107 0.110 1 233/827 0.173 8/0.132 2 0.080 8 254/862 0.099 3/0.0955 2 2.200
&4 282/953 nm WIEFAL kR MDLS HIEEREREEKE TR RIEESH
Table 4 The performance parameters for simulated MDLS data under different noise levels in
282/953 nm bimodal particle system
Size/nm Noise TR MR
level V. Peak value/nm Vv, V.,  Peak value/nm V, 1S /s
0 0.0309 282/897/967 0/0.058 8/0.014 7 0.023 6 282/981 0/0.029 3 8 10.168
1077 0.037 0 282/925/1 009 0/0.294/0.058 8 0.0249 282/988 0/0.036 7 6 7.626
282/953 10" 0.042 8 254/338/911/995 0.099 3/0.198 6/0.044 1/0.044 1 0.033 5 282/995 0/0.044 5 6.355

107° 0.045 8 296/324/911/995 0.049 6/0.148 9/0.044 1/0.044 1 0.035 7 310/981 0.099 3/0.029 3 6 7.626
107% 0.081 4 296/324/897/995 0.049 6/0.148 9/0.058 8/0.044 1 0.067 1 338/981 0.198 6/0.029 3 3 3.813

457/553 nm WU FORE 1A 28 (19 MDLS 0408 76 A8 W] e 75 7K 7 R R T TR S F1 MR 5303 19 B 38 45 28 15
N7 HY P BE S 80, I 5 5 3R 5 B s IR S5 5 385 0T LA Y 6 T 8030 XU 3 A MR 12 ) XU 73 3% g ) 1L
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Fig.5 The reversion results with TR and MR algorithm from simulated MDLS data under
different noise levels in 457/553 nm bimodal particle system
RS 457/553 nm WIEFHEF R MDLS B EAFEEE K ETHREEESH
Table 5 The performance parameters for simulated MDLS data under different noise levels in
457/553 nm bimodal particle system
) Noise TR MR
Size/nm
level Vv, Peak value/nm Vv, Vv, Peak value/nm Vv, IS t/s
0 0.078 5 449/561 0.017 5/0.014 5 0.026 5 457/553 0/0 7 5.816
107" 0.081 8 34/449/553 0.925 6/0.017 5/0 0.0400 457/556 0/0.005 4 4.215

5

457/553 10°* 0.081 8 34/449/556  0.925 6/0.017 5/0.005 4 0.042 7 453/561 0.008 8/0.014 5 6 5.302
10* 0.096 2 443/449/556  0.030 6/0.017 5/0.005 4 0.052 2 449/556 0.017 5/0.0054 4  3.398
107% 0.096 2 443/449/561  0.030 6/0.017 5/0.014 5 0.062 5 449/561 0.017 5/0.014 5 4  3.398

T TR Bk AEME R KFIRE] 102 1 TS RERS B B 4F 19 U 73 A T TR B35 A SO 25 R P N B 1 51 4
ALY A0 5 B .

564 nm LKL Z A9 MDLS Bl 76 A8 [F] S KCF TR AT TR 8035 A MR 5395 B9 S 78 25 21 55 40 N7 Y
PEREZHL INIK 6 53K 6 Firas. th &1 6 #1586 AT LA MY 0 T 98 704, TR B RO i 45 R h AP 7 50 2 Bl L B
A M P K 2 e B B RO R B = 3 LU R B R AR T R AT MR B9k A2 W RS2 R AL ATERE 4
Y Y ) 1 0 {7
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Fig.6 The reversion results with TR and MR algorithm from simulated MDLS data under
different noise levels in 564 nm unimodal particle system
F6 564 nm BIEFHEERE MDLS HIIEAEARRSEKETHREEESH
Table 6 The performance parameters for simulated MDLS data under different noise levels in
564 nm unimodal particle system
. Noise TR MR
Size/nm
level V. Peak value/nm V, V. Peak value/nm Vv, 1S t/s
0 0.012 2 556 0.014 2 0.006 6 556 0.014 2 5 6.465
107° 0.013 1 541 0.040 8 0.007 0 556 0.0142 4 5.194
564 107! 0.018 0 541 0.040 8 0.007 5 556 0.014 2 4 5.194
107° 0.027 0 519/601 0.079 8/0.065 6 0.007 8 556 0.014 2 3 3.923
107%  0.0355 481/646 0.147 2/0.145 4 0.018 4 586 0.039 0 2 2.652
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Fig.7 The reversion results with TR and MR algorithm from simulated SDLS data under

different noise levels in 292/591/889 nm trimodal peak particle system
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Fig.8 The reversion results with TR and MR algorithm from simulated MDLS data under
different noise levels in 292/591/889 nm trimodal peak particle system
R 7 292/591/889 nm = Fitiik Z SDLS HBEARRBRE K E THREMEES Y
Table 7 The performance parameters for simulated SDLS data under different noise levels in
292/591/889 nm trimodal peak particle system
. Noise TR MR
Size/nm
level Vi Peak value/nm Vv, V. Peak value/nm V, 1S t/s
0 0.129 5 248/740/- 0.1507/0.2521/- 0.1255 289/809/- 0.010 3/0.368 9/- 6 5.775
107°  0.1301 248/700/-  0.150 7/0.184 4/- 0.127 2 302/672/- 0.034 2/0.137 1/- 4 3.850
292/591/889 10~* 0.130 2 239/713/- 0.181 5/0.206 4/- 0.127 7 302/713/- 0.034 2/0.206 4/- 5 4.812
10°% 0.130 8 235/754/- 0.195 2/0.275 8/- 0.129 0 310/659/- 0.061 6/0.115 1/- 3 2.887
10°% 0.160 2 235/686/- 0.195 2/0.160 7/- 0.130 3 269/768/- 0.078 8/0.299 5/- 3 2.887
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Table 8 The performance parameters for simulated MDLS data under different noise levels in
292/591/889 nm trimodal peak particle system

. Noise TR MR
Size/nm
level Vi Peak value/nm Vv, V:  Peak value/nm Vv, IS /s
0 0.0302 292/591/913 0/0/0.040 6 0.030 0 292/591/901 0/0/0.020 3 8 7.700
107° 0.0323  292/591/895 0/0/0.010 2 0.031 7 298/591/889 0.020 5/0/0 6 5.775
292/591/ _ _, .
489 107" 0.0330  292/591/895 0/0/0.010 2 0.031 9 298/591/889 0.020 5/0/0 7 6.737
107 0.065 2 256/304/591/913 0.130 1/0.157 5/0/0.040 6 0.036 1 298/591/877 0.020 5/0/0.020 3 5 4.812

1077 0.087 9 220/304/591/895 0.246 6/0.157 5/0/0.010 2 0,040 0 280/603/877 0.041 1/0.020 3/0.020 3 3 2.887
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Fig.9 The reversion results with TR and MR algorithm from SDLS/MDLS data in 306/974 nm bimodal particle system
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Table 9 The performance parameters for experimental SDLS/MDLS data in 306/974 nm bimodal particle system

_ TR MR
Size/nm
Peak value/nm Vv, Peak value/nm Vv, 1S t/s
. . . 210/1 060 0.313 7/0.088 3 242/996 0.209 2/0.022 6 3 3.924
306/974 SDLS/MDLS
255/943 0.166 7/0.031 8 300/989 0.019 6/0.015 4 5 5.196
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Fig.10 The reversion results with TR and MR algorithm from SDLS/MDLS data in 300/502 nm bimodal particle system
& 10 300/502 nm X UE ALK R B RRMERES H
Table 10 The performance parameters for experimental SDLS /MDLS data in 300/502 nm bimodal particle system

TR MR
Size/nm
Peak value/nm Vv, Peak value/nm V, 1S /s
147/510/532/543 0.51/0.015 9/0.059 8/0.081 7 142/510 0.526 7/0.0159 3 1.575
300/502  SDLS/MDLs | 17/°10/582/ /0:015 6/0.059 8/ /0 /0015
309/525 0.03/0.045 8 303/514 0.01/0.023 9 4 2.100
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