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Ultralow-angle dynamic light scattering with a charge coupled device
camera based multispeckle, multitau correlator
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We use a charge coupled devi@8CD) camera and a multi-tau software correlator to measure
dynamic light scatteringDLS) at many angles simultaneously, from 0.07° to 5.1°. Real-time
autocorrelation functions are calculated by averaging both over time and over CCD pixels, each
corresponding to a different coherence area. In order to cover the wide spectrum of decay times
associated with the large range of accessible angles, we adopt the multitau scheme, where the
correlator channel spacing is quasilogarithmic rather than linear. A detailed analysis is presented of
the effects of dark noise, stray light, and finite pixel area, and methods to correct the data for these
effects are developed, making a CCD camera a viable alternative for a DLS detector. We test the
apparatus on a dilute suspension of colloidal particles. Very good agreement is found between the
particle radius derived from the CCD data, and that obtained with a conventional DLS setup.
© 1999 American Institute of Physids$S0034-67489)05008-X

I. INTRODUCTION duced by a factor equal to the number of coherence areas
sampled. Under proper conditions, direct ensemble averag-
ing is also possible, thus allowing one to study nonergodic

amples. Wong and Wiltziddirst demonstrated the feasibil-

Dynamic light scattering(DLS) is a well-established
technique for investigating the dynamics of a wide variety of

X S
systems. It has been successfully applied to countless prolp[y of this approach by measuring DLS with a CCD camera.

lems in physics, chemistry, biology, and medicine. In a DI‘S%utocorrelation functions were averaged over rings of pixels
experiment, the quantity of interest is the ensemble-average

. . . centered about the transmitted beam position, that is, over

temporal autocorrelation function of the fluctuations of the . :
. . . speckles corresponding to the same magnitude of the scatter-
light scattered by the sample. A typical setup includes a laser — . . . ;
ing wave vectorg=|q| but different azimuthal orientation,

source, a goniometer, and a detector, usually a photomulti- o . . .
9 yap hereq=47\"1sind/2, 6 is the scattering angle, andis

plier tube, whose signal is fed to an electronic correlator. Th h lenath in th di Thi N | q
detector collects light from a single coherence area ofhe wavelength in the medium. This geometry was also use

speckle!? To obtain good statistical accuracy, it is necessar)}o help overcome the very low scattered intensity encoun-

to extensively time-average the correlator output; for eX_tered in the extension of speckle correlation spectroscopy to

ample, to attain a statistical uncertainty of 1% requires amall-angle x rayS-’ So-called “multispeckle” autoi:orrela-
measurement over 10000 characteristic decay times of t#n functions were also measured by Kirsehal,” who
correlation function. For ergodic samples, the time averagin%cc,’rporatecj a CCD detector in a traditional DLS setup. In
directly yields the desired ensemble average. However, thid'€ir case, the averaging was not azimuthal, but rather over a
approach may be difficult or even impossible for Studymgllmlted number of speckles cprre;pondmg to a sma[l solid
samples that are nonergodic, where time and ensemble avéttdle centered around the direction set by the goniometer
aging are no longer equivalent. This approach is also impracdm- _ _ _
tical for systems with very slow dynamics, where the aver-  Despite the increasing use of CCD cameras for correla-
aging time becomes too long. Examples of systems of gredton spectroscopies, many important issues have not, as yet,
interest which exhibit slow dynamics or nonergodic behavioeen addressed. The algorithms used cannot meet the com-
include colloidal glasses and polymeric or colloidal gels. InPutational load required to calculate in real time the autocor-
addition, the interesting dynamics often occurs at lengtHelation functions averaged over both pixels and time. The
scales as large as several microns, corresponding to vef@nstrains and limitations specific to a CCD sensor have not
small angles, and very slow dynamics. To measure DLS unbeen fully addressed. Due to the reduced dynamic range
der these conditions requires a new strategy. (typically 2—3 decadesthe contribution of the dark noise to
The most direct and effective approach is to use a multhe autocorrelation function can be significant, as can the
tielement sensor, such as the pixel array of a charge coupledistortions introduced by pixel saturation. Moreover, the fi-
device (CCD) camera, to collect the signal from many dif- nite pixel-to-speckle size ratio must be taken into account to
ferent speckles simultaneously. For slow dynamics, correlaebtain the absolute scale of the autocorrelation functions.
tion functions can be calculated by software for each pixellhese limitations have restricted the use of CCD cameras to
and then averaged. Since different speckles are statisticalsamples for which the shape of the autocorrelation function
independent, the pixel averaging enhances the statistical awas knowna priori,>*~" or to samples where some overlap
curacy and the total duration of the experiment can be reexisted with data obtained with a traditional sefufor light
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to the frame grabber  __. fiber optics. We use a set screw to partially block the beam
and the PC before coupling it to the fiber, so that the beam power can be
: attenuated to a feyuW, as required for a typical measure-

z ; ment. The beam exiting the fiber is collimated by a lens to a
Cell L o : 1/e? diameter of 7.7 mm and a portion is directed by a beam

| ' splitter (BS) onto a photodiodéPDM), which monitors any
I M fluctuations in the incident power. The transmitted compo-
CCD nent impinges onto the scattering cell, which is typically a

PDM PDT sensor

flat cell, 2—=10 mm in thickness. The optical scheme for the
collection of the scattered light is similar to that described by
FIG. 1. Experimental setup. Ferri® Both the scattered and the transmitted light are col-
lected by a lengL) with a focal length of 100 mm. In its

scattering, CCD cameras are particularly well suited forfocal planeX, a small mirror(M) is placed, at an angle of
ultrasmall-angle scattering, where the speckle averaging arftp® to the incident beam. The transmitted beam is inter-
the capability of collecting data at many scattering anglesepted by this mirror and directed to a photodid&dT),
simultaneously match well with the wide range of azimuthal@llowing the sample transmission to be measured. The CCD
and scattering angles usually accessible in adoapparatus.  objective(O) images the focal plank onto the CCD sensor
The relatively low data acquisition rate of a CCD camera igWith unit magnification. With this optical scheme, each CCD
of little concern, since at smat| the speckle dynamics are Pixel corresponds to a different scattering wave vecor
slow. However, at small angles, stray light scattered from théScattering wave vectors of the same magnitydee mapped
optical components can often dominate the total intensityf© Pixels lying on a circle centered about the optical axis.
while this can be subtracted from the average or static intenl he optics are designed in such a way that the speckle size in
sity, it can mix with the fluctuations, leading to severe dis-the sensor plane corresponds roughly to the pixel size. Al-
tortions of the correlation function. Thus, special care musfnost two decades in scattering vector are accessible:
be taken to correct for these effects. 200cm '<q=<14000cm?, corresponding to scattering

In this article, we discuss the implementation of an ap-angles from about 0.07° to 5.1°. The minimum angle is lim-
paratus for measuring DLS at ultrasmall angles using a ccied by the size of the small mirror that blocks the transmit-
camera. We access angles from 0.07° to 5.1°, correspondiri§d beam, while the angular range is dictated by the sensor
to length scales spanning almost two decades, from a fewze. The CCD camera is a 10-bit digital cameéEastman
microns to a fraction of a millimeter. To simultaneously Kodak Megaplus 1i§ with a 1532<1024 pixel sensor, each
cover the wide spectrum of relaxation times associated witlpixel being 9<9 um?. The maximum camera speed is 5
such a large range of length scales, we adopt the multitaffames per second. The digitized images are acquired by a
correlation schem@where the delay times are spaced quasiframe grabbefMatrox Pulsay and transferred for real-time
logarithmically, rather than linearly. The multitau algorithm Processing to a PC with an Intel Pentium Il processor run-
requires less data storage and processing time, thus allowifing at 400 MHz.
us to calculate time- and pixel-averaged autocorrelation
functions in real time. Multiple exposure times are also used!!l- SOFTWARE CORRELATOR
to optimize the mean intensity level for all scattering vectors. e outline the general features of the multitau, multi-
A detailed analysis of the effects of dark noise, stray light,speckle algorithm in Sec. Il A. The effects on the measured
and finite detector area on the autocorrelation function iutocorrelation functions of the CCD dark noise, stray light,

presented. Formulas are derived that allow us to extract thghe finite pixel-to-speckle size ratio are discussed in Sec.
field autocorrelation function from the measured CCD signal|| B. Formulas are derived to correct for the distortions due

autocorrelation. The correlator algorithm and the data corregy these effects.
tion procedure are designed to study both ergodic and non- . . . ]
ergodic samples. A. Multl_tau, multispeckle autocorrelation function
In Sec. Il of this article, we describe the experimentalcalICUIatIon
setup, while in Sec. Ill, we present our implementation of the ~ We use custom-written software to calculate real-time
software multitau, multispeckle correlator, focusing first onautocorrelation functions in parallel for all pixels processed.
the algorithm(Sec. Il A), then on the corrections needed to To access a wide range of delay times without exceeding the
account for stray light, dark noise and pixel at&ac. Il B). PC memory and computation power, the multitau correlator
Finally, in Sec. IV we describe and discuss an experimentaécheme first proposed by Sthel’ is adopted. In order to
test of the apparatus. obtain good statistics even for short runs and to study non-
ergodic samples, the autocorrelation functions calculated for
all pixels with the same magnitude of the scattering vector
are averaged. Let us first focus on the calculation of the
The experimental setup is shown in Fig. 1. The lightautocorrelation function for a single pixel. In the multitau
source is a frequency-doubled Nd:YAG laséZoherent scheme, the correlator channel spacing is quasi-logarithmic,
315M) that operates at a wavelength of 532 nm. The lasethus spanning several decades in delay times with a limited
beam is coupled to a polarization-maintaining single-modenumber of channels. The algorithm consists of implementing

Il. EXPERIMENTAL SETUP
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. 400+ G|(q,r) is calculated by averaging over the appropriate set
of pixels:
o A
= ' ‘ T Gi(q, 1) = ({1 p(O1p(t+ 7)) )t D
S 4001 wherel ,(t) is thepth pixel intensity at time, and(...) , and
S 2001 ] (...); indicate the azimuthal averaging over all pixels associ-
8 H Hﬂﬂ coee ated to the sameg and the time average, respectively. The
= 0= ‘ ' normalized intensity autocorrelation functiog,(q,r) is
400 ] computed by applying a “fully symmetric” normalization
scheme:
@] e
0 0 5 10 0 5 10 91(a,7) =G (A, D/[{{Ip(1) plo=t=t, - AT p(1) g) r=t=t,, ]
. 2
e, wherety,, is the duration of the experiment, aqd.), <i=t,

FIG. 2. Schematic sketch of the multitau correlator architecture. TheNdicates the time averaging from tinte to time t,, the
streams of data input to the linear correlators are plotted on the left, from théneasurement being started at titve0. The normalization
e s . o St saio s oo £ (21 fecices he sersiivi 1o it n laser power. an
gﬁg\?vnoon the right.gOnIy.channeIs reprepsentegd by the filled symbols ar?Ssentlal feature V,Vhen running long measurements and,When
actually processed. For clarity, only three linear correlators with four chanihe largest delay time becomes comparable to the duration of
nels each are shown. the experiment. This reduced sensitivity is obtained by aver-
aging the values of the mean intensity that appear in the
denominator of Eq(2) over the same periods of time during
a set of linear correlators, each of which has a small numbewhich the data used to calcula®(q,r) are collected. It is
of channels, typically sixteen, evenly spaced in time. Themportant to notice that the autocorrelation function is first
delay time is not the same for all correlators, but ratheraveraged over all pixels and then normalized. For an ergodic
doubles from one correlator to the next. To increase the sts&gample, one could equivalently follow the reverse order, i.e.,
tistical accuracy, the sampling time also doubles with theaverage the normalized, time-averaged autocorrelation func-
de|ay time, as shown Schematica”y in F|g 2. The desiredions calculated for each individual pier. However, this
multitau autocorrelation function is obtained by merging thewould be computationally less efficient, since one would
output of all linear correlators. Note that for all correlators "€€d to keep in the computer memory a very large number of
but the first, the autocorrelation function needs to be calcucorrelation functiongone per processed pixel, instead of one
lated only for the second half of the channels, since the firsio" eachq). More importantly, this order is essential for a
half corresponds to time delays already covered by the fastdlon€rgodic system, since it Q|re1cltly yields the ensemble-
correlators. The input for the first correlator is the data from"’“’er"’med autocorrelation functish:* We emphasize, how-

the CCD camera, whose frame rate and exposure time set teeh that in order to _obtaln the ensemble average by pixel
. Co : averaging, the scattering volume must be large enough to be
shortest delay time,, and sampling timer,,, respectively.

Pairs of subsequent data are then combined by averagi statistically representative of the whole sample; thus the

)
: . ) o mple must be homogeneous over length scales comparable
them, and input into the next correlator. This scheme is iter; P g g P

. . to the incident beam width. As a consequence, the sample
ated for all linear correlators. The averaging process deserv?ﬁust be illuminated with a broad beam. as described in Sec.

a brief comment. Ta reduce the amount of required memory, Finally, we note that there are similarities between the

the smallest data format that can accommodate the 10'bHier-averaging method described above and other schemes

CCD data, 16-bit integers, is adopted for all correlators. Be'proposed in the past for studying nonergodic samples with a

cause of this integer format, whenever the sum of the Qg6 detector, where the contribution of different speckles
data points to be combined is odd, the average is underesly the autocorrelation function was obtained by rotating or
mated by 0.5 intensity level@r count$, due to the round- translating the sample during the measurem&rt.How-
off inherent in integer division. This would result in a spuri- gyer the multispeckle technique has the significant advan-
ous “jump” in the multitau autocorrelation function when tage of collecting data in parallel rather than sequentially;
changing from a set of channels at a given time delay sepanhys for a given total measurement time, much longer time
ration to the next set. We avoid this artifact by randomlyde|ays are accessible.
adding 1, with probabilitys, to the sum of the pair of data, In a typical experiment, the calculation is carried out
prior to division. Thus, the data fed to the slower linear cor-simultaneously for several sets of pixels, corresponding to
relators are equally likely to beslightly) underestimated or  different values ofg. Given the wide range of accessible
overestimated, and on average the round-off errors cancel.scattering vectors, the mean intensity may vary considerably
We now describe the averaging of the multitau autocorfrom one set of pixels to the other. This poses a serious
relation functions calculated for different pixels, and there-problem, due to the limited dynamic range of the CCD sen-
fore speckles, but for the same magnitugef the scattering sor. To overcome this limitation and to optimize the mea-
vector. The un-normalized intensity autocorrelation functionsured mean intensity at all scattering angles, for every
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we collect a sequence of a few fram@gpically 3—-5, each We will now derive an expression that relates the field
at a different exposure time, instead of acquiring an imageutocorrelation function for the light scattered by the sample
with a single exposure time. For each scattering angle, onlglone to the measured intensity autocorrelation function. We
the data at the most suitable exposure time are processeitst consider the simpler but rather uncommon case where
Experimentally, we find that the optimal mean intensity isthe pixel size is much smaller than the speckle size, so that
about 15% of the saturation level, corresponding to 1503,=1. The intensity on the CCD at tinteand pixelp is

counts for a 10-bit camera. Lower mean count values yield

an appreciably poorer signal-to-noise ratio, while higher val-  S;(t)=D(t) +[Ey(t)+Eg p][Ep (1) + ES ], (4)

ues cause a significant fraction of the CCD pixels to saturate. . . i
whereD ,(t) is the dark count levelE,(t) is the field scat-

tered by the samplés , is the pixel-dependent stray light
field which is constant in time, and all nonessential multipli-
B. Corrections for dark counts, stray light, and finite cative constants have been dropped. The autocorrelation
Sensor area function that is experimentally measured is
In this subsection, we describe how the measured auto-
correlation functions are corrected for the effects of dark  Gs(Q,7)=(Sy(1)Sy(t+7)) 4 - 6)

counts, stray light, and finite sensor area to obtain the desirelgy using Eq.(4), G(a,7) can be expressed in terms of the
hysical quantity, the normalized field autocorrelation func- A S .
prysical quantity rmatized 1 ! ' on 1u dark counts and the scattered light

tion

9e(d, ) =(Ep(DEF (t+ 7)) 4.t /{1 p(1)) .t () Gs(4,m)=Gy(A, 1)+ (12) .0+ 2( s} g.i{1) .t
where(...),, denotes the average first over pixels and then +2(D) gl {Isp gt T (1) gt
over time. The correction scheme proposed here is also ap- +2(14) 41 Ge(0,7) + Gp(a, 7). 6)

plicable to nonergodic samples, since it is based on an inde-

pendent measurement of the contribution of stray light to thén Eq. (6), | and I, are the scattering intensity from the
total scattering, with no assumptions being made about theample and the stray light, respectivelyy(q,7) is the au-
full decay of the correlation function. Before describing thetocorrelation function of dark counts, ar®g(q,7) is the
details of the correction procedure, we briefly discuss thdield autocorrelation from the sample, which is the quantity
physical origin and the importance of each of these effectswe wish to determine. For brevity, here and in the following
Dark counts are due to thermal and pixel read-out noise, age explicit dependence on time and pixels has been omitted.
well as to an offset in the setting of the black-level referencen deriving Eq.(6), we have made the following assump-
voltage of the digitizer. They can be a significant fraction oftions:

the measured intensity level because of the limited dynamic (i) Both E and E, obey the statistics of speckle fields,
range of the CCD, and consequently they can appreciablihus they are stationary, zero-mean circular complex Gauss-
distort the measured autocorrelation function. In particularjan random variables. It follows thdE),=(Eg),=0 and
the presence of a constant offset is reflected in a spurioud),=const andl) 5= const.

correlation at long time delays. The stray light is due to (i) E and E are uncorrelated, so tha{EE;),
scattering from the optical components themselileases =(E)4(E%)4=0.

and cell wallg and is therefore a static contribution. Its im- (iii) The dark count level, the stray light, and the scat-
pact can be reduced by using carefully cleaned, high-qualityered intensity are mutually uncorrelated, so tIQHD}QS
optical elements and by disregarding pixels that are obvi=(l)(D),, (IsD)s=(lsps(D)y, and (Igl)s=(ls)
ously saturated due to flare and backreflections. Howevex|),,.

stray light is unavoidable at low angles, where its intensity ~ Equation(6) is the first step for expressing the field au-
can be equal to or even larger than the scattering from thebcorrelation function in terms of measurable quantities. To
sample alone. Stray light acts as a local oscillatotixing proceed further, we make use of the Siegert relatfon

with the field scattered by the sample. Therefore, the DLS

signal is no longer purely homodyne. The effect of some Gl(q1T):<I>(2ﬁ,t+[GE(qu)]2' (7)
degree of heterodyning is twofold. First, the autocorrelation

function base line is raised, since the static stray light gives &nsertion of the Siegert relation in E(6) yields

finite contribution at any delay time. Second, the decay rate

is changed. Note that the amount of mixing, i.e., the intensity Ge(d: 7) 12+ 2(1 ) 4(Ge(a, )+ (13) g1+ (1)5 4

of the stray light, is constant in time but varies from pixel to

pixel. The effect of the finite pixel area, compared to the T 2{ls0g. {1 g 1T 2(D) g [ (Is g1+ (1) g.t]

speckle area, is t_o decrease the.amphtUQe of the time-varying Gp(q,7)—Gg(qg,7)=0. ®)

part of the intensity autocorrelation functi@)(q, ). Under

homodyne conditions, this reduction is accounted for by ag(qg,7) can be obtained by solving E¢B), since all other
multiplicative constant, the so-called coherence fag@pr!  quantities are experimentally accessible, as we will now
The generalization to the case of a heterodyne signal will bshow. We start with the quantities related to the dark noise.
discussed at the end of this section. Test measurements show that, although the dark noise for a
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single pixel is time dependent, its azimuthal averdde, is ~ Then, the only terms that need to be modified in &jy.are
constant. Moreover, the dark noise is found to be uncorre&,(q,7), (Iﬁ,),ﬁ,t, and 2|g)) 4Ge(q,7). The first term can

lated. Therefore, be expanded by means of the modified Siegert reldtfon:
6o(qn=] D e 70 o Gi(a,7)=(1)G.+ Bl Ge(a, D] (12
o (D)fm, 7#0 This is the familiar correction introduced in a homodyne

experiment to account for the finite sensor area. The coher-

and(D), and(D?), , can be easily measured by acquiring
a set of¢ftrames witﬁ’tthe CCD shutter closed. Similarly, the®Nce factors, can be calculated from the detector geometry

stray light contribution can be measured prior to the run b)f'ind the beam intensity profile:

filling the cell with just the solvent. This procedure is rou-

tinely adopted in very small angle static light scattering ,8|=f d?XRA(X)| (x)|?, (13
measuremenf§We tested its applicability to DLS by mea-

suring the autocorrelation function of the stray light alone.where the so-called complex coherent fagigx) is the nor-
No appreciable time dependence was found, thus demomralized Fourier transform of the beam intensity profile,
strating thatEg , is constant in time and that stray light can while Ra(x) is simply related to the detector geometiJhe

be reliably measured by this procedure. Finally, the measecond term{l§,>¢,,t, could be expanded in a similar way.
scattering from the sample alone can be obtained by subtrad#towever, this is unnecessary sin@é)d),t can be obtained
ing the stray light from the measured total scattered intensitydirectly from measured quantities through E@H)). Due to

In subtracting the stray light, care must be taken to normalizéntegration over the pixel area, the last term,
it by the sample transmissich since the stray light will be ~ 2(l)), Ge(q, 7), is reduced by a factgsZ, where
attenu:gted by a factdr due to the presence of the scattering
sample” We measureT by comparing the signal at the _ 2

transmitted-beam photodiode in the presence of the sample ’BE_f AXRAC) (). (14

to that when the cell is filled with the solvent alone. Note thatA factor of B arises from the spatial integration of the cross
the cell cannot be moved after measuring the optical bac"ferm(E(xl t)EE*(x2 t+7)>¢t-14 An additional factor of8g

ground, to avoid ghaznges in thg s'tra)(/j Ifight. To Suml’n""rizearises from the analogous integration of the spatially fluctu-
(Dgts (Isigr, and(lg), . are obtained from ating stray light cross terrEq(x,) E5(X2)) 41 If the pixel

(e ox=TL(Ss) = (D], (103 Zr(iezel)s. negligible, this term reduces to tfig)), ; factor in

2\ _T2(/Q2\  _ _ Y We can now generalize E¢B) to the more realistic case
(150 6,t= TS 6, = 2(D) 4L {Ss1) 4,t— (D) 6] —(D >(Q;S|_’gt’)) of a finite pixel size:
(1 g=(S g1~ (DY g (s gt (100 BILGE(A, ) 1P+2BE(16) 41 Ce(d, ) + (12D g+ (15 ¢

whereS;, is the CCD signal when the cell is filled just with +2(lsp g 1(D g1+ 2(D) gl {Is gt + (1) 1]
the solvent. We have thus shown that E8). together with _ _
Egs.(9) and(10) allows one to calculate the field autocorre- +Go(4,7)~Gs(q,7)=0. (15
lation function Gg(q,7) from measurable quantities: the This equation is the main theoretical result of this article.
measured autocorrelation functioBg(q, ), the total scat- Together with Eqs(9) and (10), it constitutes the desired
tering, and the dark noise and stray light. Normalizingformula for correcting DLS data from a CCD camera for the
Ge(q,7) by (1)4, yields ge(a,7), the normalized field au- effects of dark noise, stray light, and finite pixel area. It can
tocorrelation function. be solved forGg(q, 7); the normalized field autocorrelation
So far we have assumed that the pixel size is negligibldunction is then obtained as before frongg(q,7)
compared to the speckle size. More generally, we must ex=Gg(q,7)/(1) 4. In order to apply Eq(15), it is necessary
tend the above relations to the more common case of a finit® evaluateB, and Bg. Although it is possible to calculate
sensor size, where the pixel and speckle sizes are compthem from the beam & diameter and the pixel siZeywe
rable. This can be done by replacing Ed) by rather derive their value from the intensity autocorrelation
measured at=0. In fact, by definitionGg(q,0)=(1) 4, SO
that for 7=0 the only unknowns in Eq15) are 8, and B¢ .
Moreover, from the theoretical expression of the complex
coherence factor, we can calculatgZ as a function o3 .
+E(XDEG(X) +E* (XD Eg(X)], (1D we find that, for the experimental parameters of our setup,
BZ~B,~0.55 and that the following linear approximation

Sp(t)=Dp(t)+ fA d2X[1(x,t) + 15 (x)
p

where the integration is over the pixel alkgand where we b q
have explicitly included the spatial dependence of the scatlay be use

tered and stray-light fieldsagain, inessential multiplicative 2_ _ n

constants have been droppeBy interchanging the order of pe=—014+1.185,. (16
integration and averaging, it is easy to show that the mea@perationally, we thus insert E¢L6) in Eq. (15) evaluated
value of the intensity is not affected by the pixel integration.at =0, and solve foi3, .
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This correction scheme is also applicable to nonergodidABLE I. Measurement parameters for the experimental test of the appa-

samples, provided the required values for the stray |ight anfptus. For each scattering vectgrwe report the relative uncertaing/q

. due to the thickness of the ring of pixels associated)tdhe exposure time
the dark counts can be obtained from a measurement of thr(:;‘xp, the number of processed pixdig, , and the ratio between the mean

cell filled with the solvent alone. The question is thenstray light intensity and the mean intensity of the light scattered by the
whether or not assumptiors-iii) made in deriving the cor- sample alone(ls) /(1) 4 -

rection formula still hold for a nonergodic sample, thus we

—1
must determine if (E),=0, (EEf)s=0, and (ID), atem™) oalq orp (119 Ng (sibod (1o
=(1)4(D),. For a nonergodic sample, the scattered field 302 3.4x 1072 20 87 6.937
can be decomposed to a sum of a constant and a time- 428 2.4X 10:2 20 183 2.490
varying part'® If there is a constant component, tieenporal ggi ;g; 18,2 ;g ggé i;gz
statistical properties df andE E; change; thus the scattered 1158 3.4x 10°2 49 1902 0722
field is no longer zero mean and it is partially correlated to 1627 2.7x 10?2 49 3616 0.266
the static stray light field. However, its spatial statistical 2273 2.6x 1072 49 4855 0.091
properties are unaffected. Since assumptionsind (ii) in- 3191 2.3X 10:2 49 8579 0.043
volve only spatial averaging, they can be safely assumed to g;ié ggi 18,2 jg ;igéi g'ggi
be also valid for a nonergodic sample. Similarly, the coher-  g739 25x 10-2 49 41467 0.022
ence factorsB, and B¢ are calculated from the value of 12412 2.5 1072 120 13065 0.025

Gs(q,7=0), which is averaged first spatially and then tem-
porally, and therefore their values do not depend on the

sample ergodicity. This is in contrast with the case of a trajight correction described above, the cell was filled with the
ditional setup, for whichg, is derived from a purely tempo- solvent alone and the stray light intensity was measured prior
ral average, and thus can largely vary for nonergodiao the DLS runs. We used a pipette to remove the solvent and
samples? Finally, assumptioriii) is clearly independent of o insert the particle suspension without moving the cell from
the nature of the sample. Therefore, we conclude that thgs holder, thus avoiding any changes in the stray light due to
correction procedure is valid for all samples both ergodic ang change in the cell position. Table | lists the principal mea-
nonergodic. We emphasize, however, that if the time aversurement parameters.
aging is carried out before the pixel averaging, then this ar-  |n Fig. 3 we show on a semilogarithmic plot a typical set
gument does not hold and the correction scheme would faibf measured normalized intensity autocorrelation functions.
when applied to nonergodic samples. Here the autocorrelation functions are corrected only for the
contribution of the dark noise. Figurgd& shows the auto-
correlation functions for the six largest while Fig. 3b)
shows the data taken at the lowest angieste the difference
We have experimentally tested the apparatus by measuin thex axis scalg Very good quality data are obtained even
ing the autocorrelation function of the light scattered by aat the lowest angles, for which the run duration is just a few
diluted suspension of polystyrene spheres. The spli&ms times the autocorrelation function decay time, due to the av-
radyn lot JS 267B8had a radius of 1.09m and a polidis- eraging over pixels. At higher angles, the autocorrelation
persity of about 5%, as rated by the manufacturer, and werginctions decay exponentially for about two decades, as evi-
suspended at a volume fractign=3x10"°. To avoid sedi- denced by the linear behavior on the semilogarithmic plot.
mentation, we used a buoyancy-matching mixture g©H This behavior is expected for a dilute suspension of spheres
and D,O as a solvent. Note that, unlike the case of a tradi-undergoing brownian motiohAt lower angles, the autocor-
tional DLS experiment, sedimentation does contribute to thé&elation functions do not decay completely, reaching a pla-
decay of the correlation functions for the CCD-based appateau at long time delays. The plateau is due to the static
ratus; this is due to the average over different orientations of
g and to the heterodyning induced by stray light. The experi-
ment was done at room temperatyg2+1 °C). Autocorre-
lation functions for twelve different scattering vectors rang-
ing from q=302cm! to q=12412cm?® were
simultaneously measured. The run duration was 2560 s, the
minimum time delayr,, being 1.25 s. For eaatp the auto-
correlation function was azimuthally averaged over a ring of
pixels centered about the optical axis and over time, follow-
ing the procedure described above. The mean radius and the
thickness of these rings were chosen to increase with the
same power law, keeping their rat{@pproximately con-
stant, and evenly spacing the valuesqobn a logarithmic
scale. The total number of processed pixels was 115499,

. : - ; _FIG. 3. Intensity autocorrelation functions simultaneously measured at
limited p”mar”y by the computer speed. Three different ex tyvelve scattering vectors. From top to bottofay 2273, 3191, 4461, 6240,

posure times were used to optimize the mean intensity Ievqﬂg,oy and 12 412 ciit; (b) 302, 428, 594, 834, 1158, and 1627 ¢mThe
at all g vectors, as explained in Sec. lll A. To apply the straydata are corrected only for the CCD dark noise.

IV. EXPERIMENTAL TEST AND DISCUSSION
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FIG. 4. Decay ratd', , averaged over five runs, from a second-order cumu-FIG' 5 Particle radiuf calculated by means of the Stqkes—Einstein rela-
lant fit of the measured autocorrelation functions. Open circles refer to thdionship from the decay rates shown in Fig.(dpen circles and filled

data corrected only for the CCD dark noise, filled squares to the data co2dUares The stars are values & obtained with a traditional setup and a
rected for both dark noise and stray light. hardware correlator at 18°, 25°, 45°, and 60°. The line is the manufacturer’s
value forR.

_contrit_)ution of the stray light, which prevents the scatterequth expectations for a purely diffusive system, for which
intensity from being completely decorrelated even at veryFl:qu, whereD is the particle diffusion coefficient. At

large 7. The height of the plateau increases with decreasin wer angles, the data which are corrected only for dark
scattering vector, reflecting the increase, at lower angles, oise deviate from the linear behavior, with, being in-

the stray light intensity compareq to the scattering fror_n thecreasingly lower than expected. Qualitatively, this trend can
sample alondsee Table)l. The noise observed at qug time e understood; due to the stray light, the signal is not mea-
delqys.and smalj is due to long-term power fluctuations of o4 ynder homodyne conditions, but rather under partial
the mmdent bgam, and to the poorer statistics of the aUtocm?ieterodyne conditions. The lower the angle, the stronger the
relation functions at the smaller angles. In fact, both theStray light contribution and the closer the signal to purely

number of pixels per ring and the number of decorrelation,qyerodyne conditions, for which the decay rate is half of that
times (the physically relevant time scalelecrease witlg. measured in a homodyne experim&mktowever, by correct-

Thus., a reduced humber O.f statistically ir?dependenf[ datfhg the autocorrelation functions for the stray light as de-
contribute to the pixel and time average. Finally, the inter-gerineq in sec. Il B, the linear behavior b, is recovered
cepts atr=0 O.f t.he e_lutocprrelatlon funct|on§ are I0\_/ver than over the full range ofj?, demonstrating the feasibility of this
1, due to the finite pixel size, and change slightly vatidue 0 fion. The solid line in Fig. 4 is a linear fif (=Dg?

to saturation effects that depend on the value of the mean ¢y ot the gata corrected for both dark noise and stray light.
intensity:> The angular dependence of the intercept is Mini-rpq fitting parameters  are D=(1.729+0.001)
mized by optimizing the exposure time for eaghas de-  15-9 251 andC=(—1.48+1.66)x 10 *s%, indicat-

scribed before. _ ing that, within the experimental uncertainties, the data ex-
_ To ob_tam guantitative information from th_e _autocorrela-hibit a linear behavior, going through the origin. By means
tion fu_nct|ons, we.perform a cumulant analysififing to the of the Stokes-Einstein relationsh=ksT/67 7R, we can
following expression: calculate the particle radiuR from the fitted value oD (the

1 1 viscosity » was measured to be 1.086.007 cp at 22°C

In[gE(q,r)]zl“O—Flr—EF272—§F373—--- (17 We find R=1.15+0.01um, in good agreement with the

' ' manufacturer valueR=1.095um, obtained with a tradi-
Figure 4 shows a log-log plot of the decay r&tg, obtained tional DLS setup, and for which an estimated error of 0.05
from an average over five runs, as a functiongdf We  um was reported.
obtainedI’; from a second-order cumulant analysis of the  The effect of the stray light can be appreciated better by
autocorrelations functions, corrected for the dark noise onlylotting the particle radiug, calculated fronD=I";/q? and
(open circleg and for both the dark noise and the stray light the Stokes—Einstein relationship, as a functiog,athown in
(filled squares A first-order cumulant analysis yielded simi- Fig. 5. The data corrected only for the dark noigpen
lar results, the fit being less good due to the slightly polidis-circles show a large increase R at the smaller angles, due
perse sample and, for the uncorrected dafgen circley to  to the underestimation df; discussed above. The fully cor-
the contribution of the stray light. The decay rates span moreected datdfilled squarep exhibit considerably less devia-
than three decades, due to the wide range of scattering vetion. We emphasize that the correction procedure is effective
tors g. To simultaneously cover such a large spectrum ofeven for the innermost sets of pixels, for which the stray
characteristic decorrelation times, the adoption of the multilight intensity is several times larger than the scattering from
tau correlator scheme is mandatory. At larger angles, the twthe samplgsee Table )l The large error bars at very log
sets of data superimpose ahigis linear ing?, in agreement reflect the inherently poorer statistics of the autocorrelation
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functions at the smaller angles, discussed above in conneased to measure the time autocorrelation of the scattered ra-
tion with Fig. 3b). In Fig. 5 we also show the value of the diation, an experimental technique of growing interest and
particle radius obtained by measuring the autocorrelatiommportance.
functions at much higher angles with a traditional goniom-
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