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Fig. 2. To calculate the intensity of light scattered

from a collection of molecules, the contribution to the
electric field of the scattered light(E;) due to the in-
dividual molecules must be added taking into account
the different phase angles. This process may be vi-
sualized by representing each contribution to E; as a
vector whose length gives the magnitude and whose
angle, with respect to the x axis, gives the phase angle
of that contribution to E,. Calculating E; is then equi-
valent to performing vector addition of the individual
contributions as shown in the insert.
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Fig. 3. Geometry for calculating the intensity of light
scattered from two molecules. The scattered intensity
will depend on 0 and d and therefore will depend
upon the exact positions at which observations are
made as well as on the relative positions of the mole-
cules.
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Fig. 4. Effect of the number of coherence areas on the
fluctuations in the scattered light intensity. All signals

were recorded for the same sample of 0.085-um poly-
styrene latex spheres. The laser intensity was adjus-
ted so that the average scattered intensity was the
same in all cases. The number of coherence areas was
0.064 in. (A), 2 in. (B), 8 in. (C), and 100 in. (D).
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Fig. 5. Effect of the size of PSL spheres on the fluc-
tuations in the scattered light intensity. All signals
were recorded at the same average light intensity and
for 0.32 coherence areas. The diameter of the spheres
was 0.085 um (A), 0.220 um (B), and 1.011 pym (C).

Autocorrelahon}

¢ Ny ki .
Autocorrelation ﬂ‘fl'BEG_(fl tener —Khinchine
Theory
Correlator

Fourier
Scattered Transform Power
Intensity Spectrum
I(1) P(w)
N \ Spectrum
'lF?aur:S‘rorm T Fourier Direct Analvzer
ransformed
Intensity Product
Alw)

Fig. 6. The relation between scattered intensity,

power spectrum and autocorrelation.
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Fig. 7. Dependence of f(n.,) on the number of cohe-
rence areas. An approximate interpretation of this
graph is that it gives the ratio between the amplitude
of the fluctuations in scattered light intensity and the
average scattered light intensity.
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Fig. 13. The contribution of afterpulsing to the correlation function at average photon rates of (A) 800 cou-

nts/sec, (B) 6000 counts/sec, and (C) 80,000 counts/sec. The correlator sample time in all three cases is 1.0X

107 sec. The total probability of afterpulsing is calculated from equation (35) to be 0.2%. Notice that the first

channel appears high at the low count rate and low at the higher rates. This is caused by competition between

instrumental dead-time effects depressing the first channel and pulse amplifier-discriminator double pulsing in-

creasing the first channel. The photomultiplier is a Hamamatsu R928P, the correlator a Langley-Ford Instru-
ments model 1096, and the PAD a Langley-Ford Instruments model PAD-1
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1z} Axpel 231 A=} 7ke] AJRE HAS HE lusec
Aol iz, ukok sampling timee] 0, 1usec %0}
W AWA channelwt YAJEH o] AnE A £
aleh, o] FAE sldsles 7 B WL low af-
terpulse rate2 7}2 PM tube-& AFE-3H= Fojul,
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Table 1. Typical Specifications for a Photomultiplier High-Voltage Power Supply

Side Window
Photomultipliers

Front Window
Photomultipliers

Voltage

Current 10 mA
Regulation-line 0.002%
Regulation-load 0.002%
Ripple < 10 mV

Adjustable from 500 to 1500 V

Adjustable from 500 to 2500 V
10 mA
0.002%
0.002%
<10 mV

Pulse by
cosmic ray

Puise height

Time

Fig. 14. Output pulse and discrimination level.

7FZ PM tube®] 7% ¢k 600 count/sec E o]} o]
27 dynamic light scattering 3¢ # o] osF

FA =t} PM tube power supply: ripple?}

o fr

short-term voltage fluctuationo] AS+=2 =
Table 12 PM tube power supply 24 & A3gke] 57
olt}.

Fig. 149} Fig. 15& single photon counting'}#
ol ] pulse-amplifier-discriminator®] 1&g Bl
= 9ol Fig. 15& PM tube output9] pulse
height distribution-& HoF+=4d| lower level disc-
rimination2 & (valley) ol 4] &1L upper level disc-
rimination level-2 A9} H)x]9) pulse height& 7
=t

A4 PM tubes} PAD%}e] 445 H3Fo] dynamic
light scattering x| A 7} o]xd$ &3] 29 &}
ttoltl, PM tube®] outpute A1,
going pulse?1d] PAD+ Table 20| S0zl F2U 2
pulse-% wkEoof 3131, PAD ] gaind EE 10004
Lol7] Wiel B S dEH 2N ¥ 94

ol fAe pulsert BHEOlA & 7] W]

£ negative-

Signal & noise pulse

noise puise ,

No, of pulses

Pulse height
Fig. 15. Typical pulse height distribution.

Table 2. Specifications for the Three Major Standard
Logic Levels

TTL NIM ECL
Width >20nsec > 3nsec > 5nsec
Allowed “1" level 2—-5V > —01V > —098V
Allowed “0” level 0—-08V < —06V < —163V
Impedance 500 50 Q) 500

o}, correlation spectroscopy-& PAD2] 7§43} o
gaing 7}z PM tube(Folw 108 )2 %2 o
H FAE HaE A F ok

Signal Analyzers

Spectrum Analyzer ; Real time spectrum analy-
zere digital ¥2]oll 2] PM tube2] outputol] ol 3t
frequency domain®] spectrum-g d&=th, HE,
43k AIZF v F 0 2 5127) A Q] data® PolA fast
Fourier transform3lx o1& A Fo] ]S seto)
datag doiAl Al&3dted 1 A9E Hsln o1 AFAES
displaysl= ®, o]}, Fourier transform3} uj Za)
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= ARkl B datad ded Hele AIZtEY FH
o I A7) real timeo & display® 4 1tk
realtime operation® @ AL F A= H FH5
¥d& ek 1~5KHz F=o|t}, spectrum analy-
zere T2 PR A|7|7F 2 Afo] s &
2 7% heterodyne mode 2 F-Edh= 7|4 H3J}
sltt & 4= YAk Electrophoretic light scatte-
ringoll A< o] AMg-3t
o},

Correlator : Correlator= A7) A& )3t co-
rrelation functiong digital techniqueS ©]8-3}e]
AL 7)o}, &z, AE3SE dynamic light scat-
tering instrument®] # o] 257} o] HFAle) 231 A
3 &4 e o)fsla Ak,

=8} A 9] correlation function?} A &&= 2 (16) 3
o] Fojzitt,

T2 spectrum analyzer<

G(r):lifrl % fTI(t)J(t+r) dt

=AOIt+ D> (16)

o714, I(t), J(O)E ARy g0l oj| Ea)gko
g3 £ Aok IO J(0E 2o Eags AL
G(7) = autocorrelation functiono]gksln tl=wm

=

cross-correlation functiono}g} %tck, Dynnamic li-
ght scatteringol] A& AFghg-2] M) 710l 23 2] (9) 4]
012 autocorrelation?t THET},

PArel &FL& ofF He AN Ao BA 7}
g Zola o}F 3 ARt M 4ol EHo R
+ETTR & F ok "k,

lim G0 =AMI)>=AD (172)
lim G(o) =Y A(t+ D> =A(D))? (17b)

G(DE DA (D2 decayds & & Atk 4
(16)2] ZTZ colleratorz oJRA A=A Gopr

=},
Fig. 162 digital correlator®] block diagram-&

HoFa glr}, Sample time generators YA e

IEXoEtnl 712 A 138 535 19903 9Y

Sample time
Generator

Input
A

cross correlate autocorrelate
|nput f{’__ADD

B Command Adders

Generator ¥
Control Correlation Output
S Function —» .
Circuits Memory Circuit

Fig. 16. Block diagram of a correlator.

o] AlRkE =

21}, Pulse-amplifier-discri-

AZF 2+ A2 datag sampling®t
ke 715 g 7R
minatore| A W+
counter7t M4 1 gh& | E shift register2
&AFh Fig. 172 F0]7 sampling time 7FA o)

pulse®] E shift register

pulseTE MM FAdZ JdPE wo Ays
BoFa glch
7} sampling time ol A A& pulsed] 4Z shift

register counter’} AjoJ A}, shift registere] )
channelo] W@74551, 2HA Q= ke F¥HH cha-
nnelZ, FHA A= S AHA| channel $o2
oA Aol Qlrh whelbA, ofd $=1ke) shift
register®] memory Ae]E A EH, 3 channel &
I(t-A47), 54 channel2 1(t-247), A& channel-&-
I(t-347), 12]3 kA channel e [{t-kA7D) & &
A N1250] A "ok, 1el3, tE counterol] o]
A HaAl el pulserE AAFc}, o] A 4
el 9] pulses=+= multiplierd] ©)3J 4] shift registeroll
U 2t channele) 3} F8ta o1 zhzie] Axg
addere]l 93} correlation function memory®] ==}
#3 Hai A Al memoryol 7] 23}, o)eigt mHAg
£ sampling time {}Zvlt} A 438} correlation fu-
nction-g AE=th, A, correlation function me-
mory®] # channeld] =
G(4v) =ngn; +nny+ nyn, + --ee-
N-1
=2 oy (18)

1=0
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time
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UL 1L 1

S R

3*

n; =1 nO:]

Fig. 17. The train of pulses processed by a correlator. The small marks represent the sample time clock which

divides time into increments of AT.

=#5 channelo]=
G(2A‘L') = n0n2+n1n3_+- n2n4.+_ ......

1

-3

nl i+2 (19)
i=0
utA o & kA channel-&
G(kA‘L'):n{)nk+nlnk+l+n2nk+2+ ......
N 1 N
=2 nny (20)

0

oz Zojxth, wehal, 4 (16) 9 correlation func-
tiono] HE-S 2 (2007 2& FARGOZ HAE F
ooz digital W2le) correlatoroll 4] 47| corre-
lation function® 4-& 4 Stk

Dynamic light scatteringell % 2.3 corelator &} &
X o shift register 9} shift register countere] &-3F
sampling time2] ¥, correlation function me-
mory9] channel 85 502 249t} Shift regis-
ter2} shift register counter®] &2 sample A|7Hg
pulse®] ZAFE 1570BcE HA A7,
intensity S #ojA] AR&3ALY B prescalerg A
23 4= 9o m R 4 bits counter, 4 bits shift regis-
terE vro] A}8-3}1, correlation function memory

= 32 bits o|AF-S AFE-3ITH

ALE A7 AR E & U
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|

e
g 4

LO Ees Qlomg, %ju}

it o Fastoh
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1} #he] sampling&

‘:
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=L A~
g = 1o,

dynamic light scattering 4
oF 100nsec FEo|H Z

P

=g
time FEsiohar
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Table 3. Specifications for Correlator Suitable for Li-
ght Scattering Applications

Minimum sample time 100 nsec
Shift register capacity (each step) 4 bits
Conditions for batch mode operation None
Number of channels 64

o] Axe]l £8 713 correlatory= 2 27+ AT

ole Feld 4 U}, 20nsecF ol W&
Z & single bit® ¥o} i1
= EER hEE] gl7] gel a4
A3 sheka & 4 Qe
Correlator®] memory channel5+=
4ol wel th 4 AR AL 6

channel o]A}o]™ &

correlation
function®] E
. correlation functiono] si-
ngle exponential &Ejo] 7 } single exponential®ll
7Vakg- 74-$-oli= 64 channel FxolH FE3AA
¢ro ™ channel47F 1287] o]4tol™ U
L}& correlation functiong -8 4= QoA analy-
sis7h ] &olatria & 4= vk, &F
lator:= 7]E-2 0 2 64 channelg 7}Aa 911l o] A
S 128701} 1 ol o 2 channel&E 44 B4 &
Px =2 A Fo] qlrh. Table2 dynamic light scat-
A3}+3t correlator?) A% HojF1l Quk,
Z=d|

uk, 12 )

Q.= corre-

teringol)

Correlation functionz} A2

Dynamic light scattering®] correlation function
of Yeke T ok F AY WA Defsior L YL
etectorel] 507k 495 A
dAs] HH, 1) Scattering
2) Hxe} e o)EHo|

1

T

@
_1]0
2
E
‘.
&
o
o
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oJgh g 5§ A4 4 Ak

o]& 1)} 4)9] 29 1 27} local oscillator
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27} it} =B 4= 21 o™ scattering @] Mol 7o)

R

i3

o)
R or o2

3
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thal s el oflrh. AR Al8E Evlshe
ol = Eﬂi]i o3 37 R WS ALE-3
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o
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function&

AR Qe &HE &

DEXDE 7 A 1A 535 19909 99

v o }%3}'-: }Flg 189t 22 HH 2 7%
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e RS cell& o] &3}
& 7

Aokt 927} wex) 47

o

tio

OP) :1.\.
N

Hol %E}. c%

o}
th&-& sample cellS WA|7} §le=s dlof 3l
2]~ sample cell-2 acid & M-S o]-R-3}o] 7323}
& F Aal, acid&H Xe]F thA] H]eolu} Ho
F Ax @7k 2gie gL 4o B2, sa-
mple cell-& AE ) A}&31= vaccum jet device &
0] &3ted Fal mpA|go 2 WA} gl ARt
2 Mech #Fn2 {71 &odl o3 AH iy
AWt AA gk, Hushd, BE #7) &ele /7
ZHAE-g P7]17] wlEolt), 18]l sampled cell®
HZd o MEo R vpRA] e Ho| o, 2o S
Eo g HE ¥ WA o] £uli} sampleo A
= 2Rt o B8 4 97 gitol}, sample cell &
Pz o 358 v A3HS AMEshd Halsi,
ARE &l oA filteringo]u} 44 Fa]o)
o8l dusto} 72 o]lEASE AAsE Yol MRS
DeE v Al g 5 o, A 2l uy
Huh= filteringol] o13F #hHo] A A4 1 Bol
ARE R ), o] A$- filterEH$} pore sizes F
Melsfop gk, Filtere] $/5 YT w, &uj7}
filter A Aol 7 R=x], &ul7} filter A EE =o] %
BEA YopHolol ), o F &9, &ujrt 29
AR o g 3 filterv= A9 filterings}h

=
o
<

o

Y

A9 Teflon&

Condenser

Collection
Flask (IL)

Boiling
Flask (IL)
Heater (1000W)

Fig. 18. Still suitable for preparing very clean water.
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717} B7453leh Pore size A& AAl 43 27
B}t Holw 3~4 wjold Aokdith AT A&
membrane filter7} 7= o] Jo 22 light scatte-
ringe] £52 ALgshd off el 12, @
WYy 7o AIRE AMET ), filteringol 234
vl go] sty iR, 2717t Astd
2 o] A& Z=93o} e}, 1, filteringS 3}7]

"‘E o]_o_l:r_

A3} & Fo) Fuvl HiEARE ZAFHE Ao &
o), hekEel AJE 2H) RS AFGF o T2
A% Ayl 71 AR Am 29 PHe BE 2
& Agol g€k

Data Analysis

ool A FL3 Akt monodispersedt ILE-%}9

3+ Al4E correlation functionol] 4] single expo-
nential Fejo] AR2ZREH HA 7T F IS
Fahack o] A%, G(o)ol 3 model function&
A 2D S AHgsla A9} fittingshod

G(t)=A+Bexp(—2l7) (21)

= I'gkS 38k homodyne detection H'
3§ T=Dg’e 2 guz o 2tedA <
o] thal plotale] slopeE H-E] 34t A4 DE
?:‘TS_-‘ = qlth, o] A, 4Rt A7) B LEAY
A 7)== Stokes-Einstein #AE o]&3}4 hydrody-
namic radius2 ¥ 4 el

7} datao] o3} fitting quality~=

o
[«

op
N b orie
flo o

x}

ml(L
i

residual® ZA}

shaA) Al (22)9h 2ol

N N 312
3 [Gu(T) Sexp(q)] 22)

i1 G;

Fo A 2gkS HAAIE oz &+ Qloh
714, Gy ASE g, Gexp—‘:— AHA, o BF
Azt g Jerdth x2S H43HA17]E computer
algorithm& 2 <A Qoh

Table 4= A 44 4 &3] & 4 U model
functionE< & A3l th. %’3] polydispersed} sa-
mple2] 729l FHA o=

A A particle size dist-
Tl o] &2 g EUE HoFa

ribution&
AT

Al &7} polydisperse 8t 73-9-, data analysis= A}
obF BgetAl frt. o] A, &Hd EAYg FEE
e e Evbssivka & 4 ik e,
7 correlation 3HrFE HE], B EXE o
3 sl ofel Pyl ekl gl
oz gokd 4 itk

73?1’71101]‘{‘ Hatekst correlation function] %
AE ol AS, E7he WSS AR eto] HAl A
correlation ?]53 o} 713 7R Al Al AksE vhd 0]1:]—
o] A9, B3} correlation function?e] #AE
ujg] ¢ofot 5t7] wiFol| Z fraction® 4433] mo-
nodispersedt Al 57} B sttt o7 de FeF

A

Oi‘

Table 4. Theoretical Form of Correlation Functions Corresponding to Various Physical Processes

Physical process

Theoretical form of G(t)

1. Translational diffusion of A+Be
single species f
2. Translational diffusion of A+[J‘ B(M)efquk dM?
polydisperse sample
3. Rotational diffusion of A+{Zen B expl — (D +1(1+1)Dr)t]}?

single species
4, Flexing molecule

5. Motile objects A-+Be
A+Be

6. Directed motion : propa-
gating waves on a surface

,, M 2
A+{Zn, P exp[ —(Da+ )]}

—2/2c1 5

r.
COS T
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169) latexo] £§ 2 RE] L& histogram anaylsis o
olgt Adelry, AEo] 23t peak X|= 747} 84,
269nmE YeERAA =], latexE EF3L7) ol 9o
& 247k 85nm 9} 275nm = LR, peak 913
B3, gt £¥7F H5e AL correlation
functiono] ¢Ji= noiseo] oj&f Yojutyx FApeld),
HE AR Z2A FE5E O AEH 2XIE IS
A E o] gt
particle sizergh= ¥ ZX]7} QA9 AR& 3l sof-
tware?] 545 & A3 1 A £ <
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Dynamic light scattering®] 1182} &oo) w3k

A

4 At} dynamic light scattering

IOOE
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Fig. 19. Mixture of 85nm and 275nm latexes. Peaks
occur at 84nm and 269nm.
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ol 7= 19603t Z=%7] dynamic light scattering®]
71&o] EE o e ARFHJAAT LAt dy-
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Fig. 20. Molecular weight dependence of the diffusion

constant in dilute theta solution.’*' D, is obtained
from the relaxation rate of S(q,t) at qR « 1 and infi-
nite dilution. The line is of slope—1/2 as expected for
an ideal chain. T=35C, PS in cyclohexane.

o] gsbd E (5)ollA Hiz uled Zof gyryoz
good solvent® &7 o8] solventoll M 3/50) 5
Avk= AL & 2 9ok

Fig. 212 polystyrene 900k 2] diffusion coeffi-
Ero mE HiE HoFa 9rh, Filled
circle& dynamic light scatteringel]l 2J3F 3 mu-
Lhehd
> forced Rayleigh scattering ol
HolFa gl
Ab4l 8. dynamic light

cient7}

tual = cooperative diffusion coefficient-3-

a1 open circle
ol & self-diffusion coefficient &
th A7IA AHstn A
scatteringol] 28] & mutual B+ cooperative di-
ffusione B w7} AdEE v] welAch= Ao,

o]71 & dynamic light scatteringol]l °J3] #z=+=
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Fig. 21. Mutual diffusion and self-diffusion coefficient
as function of the concentration of 900k polystyrene
in toluene at 20C. Filled circles denote the mutual di-
ffusion coefficient of the polystyrene by dynamic light
scattering and the open circles the self-diffusion coef-
ficients of the labeled polystyrene by forced Rayleigh
scattering.
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Fig. 22. Concentration dependence of the relaxation
rate for PS in THF. All the data have been reduced
to 25C. Substantial scatter between different groups
is found, particularly at high concentration.
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Fig. 23. Schematic picture of screening in semidilute
solution. The flow-induced coupling is shorter ranged
since distant monomers feel the random fields indu-
ced by the uncorrelated motion of monomers on other
chains. The blob picture on the right shows the size
of the effective Rouse blob in semidilute solution. Hy-
drodynamic coupling exists within the blob, but the
motion of different blobs is uncorrelated even though
they may share a common chain.
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Fig. 24. Geometry for an electrophoretic light scatte-
ring experiment.
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Table 5. Parameters for Polymer Systems

System T(t) ©(°K) T 10%n Vi L (;\) N. Yocs X s
PS in
CH 35 307 0 0.762 0.491 8.19 - 0.5 0.5 0.2
EA 25 229 0.232 0.426 0.515 8.66 2620 0.480 0.49 0.47
MEK 25 0 1 0.38 0.525 8.78 656 0.458 0.494 0.50
BZ 20  (100) (0.66) 0.649 0.537 9.73 482 0.451 0.44 041
THF 25 - - 0.46 0.559 10.13 80.0 0.379 — -
TOL 20 (160) (0.46) 0.589 0.567 8.03 498 0.347 0.36 0.39
EBZ 25 - — — — — — — 0.40 0.42
PAMS in
TOL 25 - - 0.552 0.534 7.92 193 0.411 0.36 -
BZ 30 - — 0.561 0.536 7.87 163 0.403 - —
PDMS in
TOL 20 - - - - - — 043 -
32000 ::f:agsf 20000 E=100v/cm 26000 E=175 v./cm
£ 24000 pig;g; C 14000 c 14000
© 16000 Zoro Fiokd Rosult = O 2000 © 2000 -
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Fig. 25. Representative data for an experiment on a BSA solution at E=0,100, and 175V/cm under conditions

indicated above.
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