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Abstract Light scattering is a powerful technique to
study the structural and dynamical properties of biomo-
lecular systems or other soft materials such as polymeric
solutions and blends or gels. An important application of
this technique is the study of the kinetics of formation of
supramolecular structures. However, in such cases, the
system under study is rapidly changing, and consequently
the integration time for each measurement is limited. In
order to overcome this difficulty, a statistical approach has
been developed based on the analysis of the scattered light
intensity distribution (Manno et al. 2006, 2004). Indeed
the intensity distribution depends upon the ratio between
the integration time of each measurement and the coher-
ence time of scattered radiation. This method has been
applied to protein aggregation (Manno et al. 2006) and to
sol-gel transition (Manno et al. 2004), to obtain informa-
tion on the heterogeneity of morphological and dynamical
features during such processes. In the present work, we
accurately test the validity of this approach by analyzing
the statistical properties of the light scattered by a model
system: a solution of polystyrene spherical macromole-
cules of different sizes. Each molecular size is related to a
given diffusion coefficient and to a given coherence time
of the scattered intensity. The effect of changing the
experimental integration time is systematically investi-
gated. A mixture of particles of two different sizes is also
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analyzed to test the validity and robustness of the model
based on the convolution of a gaussian with an expo-
nential distribution.
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Introduction

Light scattering is a powerful experimental technique to
obtain structural and dynamical information on molecular
solutions, gels, or other soft materials (Brown 1993).
Indeed, the absolute magnitude of scattered intensity is
related to the mass and to the structural properties of the
studied sample. Also, the statistical properties of scattered
radiation mirror the dynamical properties of the sample
itself. This is the basis of the well-known photon correla-
tion spectroscopy (Berne and Pecora 1976). In the best-
studied case, the diffusion of a macromolecule in solution
yields an exponential decay in the correlation function of
the scattered electric field. The decay or relaxation time
is inversely proportional to the diffusion coefficient of
the scattering molecules, and hence directly proportional
to their size. When the solution is made from several
macromolecular species with different sizes the intensity
autocorrelation functions may be fit by a regularization
method, which gives the distribution of correlation times
and therefore of molecular sizes (étépének 1993).
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A particularly important application of scattering tech-
niques is that of macromolecular solutions undergoing
supramolecular self-assembly (Lomakin et al. 1999). In
such a case, the system is intrinsically unstable and the
time available for any measurements depends upon the rate
of the aggregation kinetics. Thus, the measure of intensity
correlation may be time consuming and not promptly
available. In some recent papers (Manno et al. 2006, 2007),
the kinetics of protein aggregation has been studied by the
analysis of the statistical properties of scattered intensity.
By using an appropriate model for the intensity distribution
function, the contribution to scattering intensity due to
slowly-diffusing, large size aggregates has been filtered
out. The core of this model is the ratio between the inte-
gration time 7; of each measure of scattered intensity and
the coherence time 7. of the scattered radiation which is
due to a particular macromolecular species or aggregate
(Manno et al. 2004).

Indeed, the instantaneous scattered intensity / = IE(t)I2 is
exponentially distributed, since the electric field E(f) scat-
tered by a large number of objects is a complex gaussian
variable (Pusey 1977). However, in typical scattering
experiments the total measured intensity /7 is time-aver-
aged over a given time window: I, = OT’|E(t)|2dt. Thus,
when the integration time 7; is not larger than the coher-
ence time 1. of the scattered field, the intensity distribution
is substantially equivalent to that of an instantaneous
intensity. When 77 is much larger than 7., which is the most
typical case for diffusing molecules, the intensity distri-
bution tends to a gaussian distribution. In the other inter-
mediate cases, the calculation of the distribution of the
integrated intensity is less straightforward (Goodman
2000). Moreover, in the currently available devices the
intensity is collected as photon counting, so that each
distribution should be transformed via a Poisson distribu-
tion function (Goodman 2000).

In the previous work (Manno et al. 2006, 2007), the
scattered field has been considered as the sum of two
contributions. The first one is a fast fluctuating field due to
small size objects with a coherence time 7 much smaller
than the integration time 7;. The second one is a slowly
decaying field due to large size objects with a coherence
time tg larger or at least not smaller than 7;. Up to the
second order coherence, the intensity distribution is the
convolution of a gaussian and an exponential distribution.
The method has been successfully applied to protein
aggregation kinetics (Manno et al. 2006, 2007), as well as
to gelation kinetics (Manno et al. 2004).

In the present work such statistical approach to light-
scattering measurements is applied to a simple model
system, which is made from an aqueous solution of freely
diffusing, non-interacting polystyrene spherical particles.
First, we accurately study the non trivial properties of the
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distribution of the integrated intensity by changing the
integration time. Therefore, we extend such a study to a
mixture of particles with two sizes, and two correlation
times. This allows us to test the validity of the model based
on the convolution of a gaussian and an exponential dis-
tribution. We show that this model is ideally suited to re-
veal the presence of non-gaussian noise in any time series
of integrated-intensity. This noise is partially related to
slow processes and to large size diffusing objects. The
absolute scale is of course dictated by the integration time.
Here, the meaning of the non-gaussian noise is discussed
and correctly addressed.

Materials and methods
LALS measurements

Large angle light scattering measurements are performed
with a Brookhaven BI200-SM goniometer, using a diode
pumped solid-state laser (Suwtech LDC-2500), at Jg =
532 nm, at a scattering angle of 90°. The temperature has
been kept to 25°C. A counter/timer board, National
Instruments PCI-6602, allows to count photons detected by
the photomultiplier with a temporal resolution of 25 ns
(Magatti and Ferri 2002). The maximum data exchange
bandwidth between PC memory and counter board limits
the minimum sample time 7 to 2 ps. Our measurements,
done with Ty = 5 ps, were performed by using a homemade
Labview program. Raw data are written as binary files
to a compressed filesystem to spare disk space (10 min—
120 MB). The Labview program allows to monitor the
count rate during the measurement, while the analysis is
performed after the completion of data acquisition.

Samples preparation

Polystyrene spheres (PLS) with diameters 0.057 + 0.008,
0.25 +0.02 and 2.09 = 0.09 pm were purchased from
Polysciences (Germany). Concentrations of each species
were chosen to get approximately the same level of average
scattered intensity and to avoid multiple scattering and
particle—particle interactions. We used a density-matched
solvent (48% H,0, 52% D,0) to avoid precipitation of the
larger PLS. Concentrations are 13.3 pg/ml for the smaller
beads (PLS1), 2 pg/ml for the spheres of intermediate size
(PLS2), and 5 pg/ml for the larger beads (PLS3). A mix-
ture (PLSm) of half volume of PLS1 and a half of PLS3
was also prepared. The dispersions were filtered directly
into a cylindrical cuvette using Millex filter 0.22 um for
PLS1 and Sartorius filter 0.8 pm for PLS2. With the only
exception of PLS1 we have observed very slow fluctuations
of the photon count rate (with typical periods ranging from
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10 s to few minutes). We noticed that the oscillation period
could be increased by reducing the power of the incident
radiation. To minimize the influence of this effect we de-
creased the incident power for a final count rate of ca.
15 kcount/s.

Computational methods

The correlation functions of the intensity are calculated
using a C program that mimics the functioning of a loga-
rithmic hardware correlator (Schitzel 1993), and allows the
user to choose the number and the spacing of the delay
times. The program implements the symmetric normali-
zation of the correlation function (Schitzel 1993) that
consists in dividing the correlation (average of intensity
products) by the product of the averages of direct intensity
and delayed intensity. As the input intensity can vary
slowly this normalization improves the accuracy of the
results.

The scattered intensity distributions at increasing inte-
gration time 7, = 2T,, with j = 0,1 ... are computed by
using a simple C code. We study integration times 7;
ranging from 5 ps up to 1 second for measurements lasting
ca. 600 s. The code adjusts the bin size of each histogram
so as to keep the signal over noise ratio roughly constant.
The first ten moments and cumulants are also concurrently
computed.

On the statistics of time integrated scattered intensity

Here we recall some theoretical results on the distribution
of time integrated scattered light intensity. In the case of a
large number of identical, non interacting scatterers,
subject to Brownian motion, the scattered electric field
E(f) measured at a chosen wave vector is a complex
gaussian variable characterized by a single coherence time
7 and the corresponding instantaneous intensity I = |E(f)I*
is exponentially distributed with average I (Goodman
2000). The photomultipliers usually employed in light
scattering instruments measure, during a time 7, an
average number of events 7# which is proportional to the
product of the integration time by the time-integrated
intensity

T,/2

1
1) =5 [ 1Bwrar o
T;

)
when T; << 1 and for usual count rates, the distribution of
the scattered intensity in terms of photocounts, P(n), is a
Poisson distribution. For values of T; comparable to 75 an

approximate description of P(n) can be given in terms of a
Poisson-transformed gamma distribution (Goodman 2000)

I'(AM + n)o"

P(n) = ()
where I'(x) is the gamma function. For larger 7; values the
effect of the discreteness of the detection process becomes
negligible, and the distribution can be approximated by a
gamma distribution:

A
P(n) = NV exp(—n/a). 3)

The parameter o in (2) and (3) can be expressed as
o = n/ M, where ./ is the number of coherence cells of the
incoming radiation that influences the number of detected
photons. In the special case of a lorentzian spectrum it is
possible to calculate the value of .# as (Goodman 2000)

2 }_'
(2T[/‘L'F)2
(4)

where y > 1 is introduced to take into account the effect of
spatial averaging over different coherence areas due to the
finite aperture of the detector. It is straigthforward to
extend this result to the case of two lorentzian components,
characterized by coherence times 7z and t,:

%[_(T[,‘EF) :“/{ [exp(—ZT,/fp)—i—ZT,/rF— 1]

- A (1-4)
M (TR, 15) = {%L(TIJF) + ML (T, s)

—1
. A(l - A) } 5)

M LTy, Trts/(tr + Ts)]

where A represents the fraction of scattered light with
coherence time 7.

An independent estimate of ./ can be obtained from the
second cumulant of the photon counts statistics (Goodman
2000):

2 _ 2

11
= —_ — E— 6
k2 2 At (6)

Now let us focus on the special case of a two-component
system with well- separated timescales (tp << T; << Tg)
and let us neglect, for simplicity, the effect of the detection
process on the statistics. It was shown by Pusey and
collaborators that the distribution becomes (Pusey and van
Megen 1989; Joosten et al. 1990):
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P(I) =H(I —1r) exp[~(I = 1r)/Is]/ Is

with H(x) being the Heaviside function and I and Ig being
the fast fluctuating and quasi-static components of the
intensity, respectively. The result has been shown to hold
in the case of a strong chemical gel (Joosten et al. 1990).
It is common to study samples where the fast and slow
process timescales are not so distant. In particular, during
a kinetics, the separation between the timescales is
evolving and it is sometimes an interesting result by
itself. We have recently shown that it is possible to give a
closed analytical expression for the distribution of the
integrated intensity that is correct to the first order in 1/
N = t/T;. We followed the same approach of Pusey and
van Megen (1989), assuming that the scattered field E is
the sum of a fast-fluctuating field Er due to small-size
objects with an average intensity Ir, and a coherence time
17 < T, and a slowly decaying field Eg due to large-size
slowly diffusing objects, with an average intensity Ig, and
a coherence time tg> 7;. The total time-integrated
intensity is given by the sum of these two fields over a
time interval 7; as in (1). The study of the distribution
cumulants gives:

k1 =I5+ I

4 |
Kz—Is +—= ISIF+ — Iz +0(N ) (7)
. (i 1) 7 27_1'71_ -2
Kis3 = (i —1)! IS+NIS Ir+O(N?)

Since in the case of a sum of two statistically independent
processes, the sum of their cumulants is equal to the
cumulants of the sum (van Kampen 1992) we derived from
(7) that the integrated intensity / can be interpreted as the
sum of two statistically independent contributions: an
exponentially distributed slow contribution with average
Ing = Is +2Ir/N and a gaussian-distributed fast contri-
bution with average Is =Ir —2Ir/N and variance
o> =1I2/N.

The expression for the intensity distribution function,
that we will call gauss-exp in the following, is thus the
convolution of a gaussian with an exponential function:

P(Iy,) = Iysexp{—[I — IG]/ING}

[ (v i)
erf

TNGU\/E
IGIN(;+6>:|1 <O’2)
—|—erf( exp C
InGoV2 23

where erf(x) =2//7 [; e~"dt is the error function, and

] [1 + erf(%)].

C =~ 1 is a normalization constant: C =

@ Springer

Results and discussion

As mentioned in the Introduction we have applied the
method of integrated intensity distribution analysis to
monitor the appearance and growth of long decay times
both in a gelling system (Manno et al. 2004) and in aggre-
gating protein solutions (Manno et al. 2006, 2007).

In Fig. 1 we show the data of the kinetics of re-
combinant human insulin heated in acidic solution
(pH 1.6 at 60°C). The aggregation leads to an overall in-
crease of the scattered intensity, but also to an asymmetric
broadening of the normalized distributions. Empirically
this broadening is caused by the presence of lifetimes of the
order of, or longer than, 7;. The distributions have been
fitted to (8) with a good agreement. In this case the inte-
gration time 77 is set equal to 1 s so that only large objects
(>100 pm) are expected to contribute to the quasi static
scattered field. The estimate of the fraction of the fast
fluctuating intensity was used in two recent papers (Manno
et al. 2006, 2007) as a way of filtering out the contribution
to the scattering due to very large objects. This, in turn,
allowed us to uncover the physics of the aggregation
mechanism of the smaller protein oligomers. In a system
as complicated as the aggregating protein solution it is
however difficult to establish quantitatively the resolution
power gained through the analysis based on (8). Since such
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Fig. 1 (a) Scattered intensity distributions at different times of the
aggregation kinetics. Data are fitted to Eq. 8 (solid lines). (b) Tem-
poral evolution of 90° scattered intensity. Time intervals and
distributions are related by matching upper-cases (A, B, C, D, E)
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systems are inherently polydisperse and unstable, we now
apply the same analysis to a much more simpler system,
where just one or two characteristic times are important,
i.e., dispersions of PLS spheres in aqueous solvent.

The result of a standard DLS measurement of the
intensity correlation function is shown in Fig. 2 for PLS1,
PLS2, PLS3 and PLSm. The data are fitted to the expression

g% () = 1= f*(exp(—2/70) + b)’ ©)
in the case of ‘‘pure’’ dispersions, and

@ () = 1 = f*laexp(—1/t
§() =1 = Placxp(~7/m) o

+ (1 —a—b)exp(—1/12) + b]?
in the case of the mixture. The parameters of the fitting are
shown in Table 1 for the four dispersions. The hydrody-
namic radii are in good agreement with the nominal radii.
Polydispersity, as estimated from cumulant analysis, is ca.
4% for PLS2 and PLS3, and 10% for PLS1, while the
baseline b is of the order of 4% with respect to the total
amplitude. The 7; of the single species PLS1, PLS2, PLS3,
will be considered as the reference characteristic times in
the following analysis.

The photon count distributions have been calculated for
the different systems at increasing integration time. In
Fig. 3 some distributions relative to PLS1 are shown. As T;
increases the distribution changes its shape from a Poisson-
like distribution to a gaussian distribution, passing through
a gamma distribution with increasing .#. Actually, at our
experimental count rate, the instantaneous intensity is
influenced by the Poisson noise so that a Poisson-trans-
formed gamma distribution (also known as negative bino-
mial distribution), (2), must be used to describe the
histograms. For larger 7; a simple gamma distribution can
be used to fit the histograms. At the largest Tj/t; ratio

Fig. 2 Plots of [¢®P(t)-11/f*
where g(z)(r) is the normalized
time-averaged intensity
correlation function. PLS1
(circle), PLS2 (diamond) and
PLS3 (square) are fitted to (9)
(continuous lines) while
PLS1+PLS3 mixture (left
triangle) is fitted to (10)
(continuous line)

[e? -11/p>

o
n

(bottom row) the distribution can hardly be distinguished
from a gaussian. The fitting of data in Fig. 3, shown as
continuous lines, are good for extreme values of the ratio
T)/tq, and less satisfying for intermediate values of T/,
where a more rigorous approach (Slepian 1958) would be
beneficial. Nonetheless, the quality of the fitting is suffi-
cient, in our opinion, to capture the change in the number
of coherence time intervals .# with increasing 7.

This is confirmed by results in Fig. 4, where we plot the
parameter .# obtained by fitting the integrated intensity
distributions for systems PLS1/2/3 to (2) and (3), versus the
ratio between the integration time and the characteristic
time of the scatterer as obtained from Table 1.

The data of PLS1 in Fig. 4 can be fitted satisfactorily to
(4), i.e., a single lorentzian spectrum is sufficient to de-
scribe the dependence of .# on the integration time. Sur-
prisingly, an additional timescale must be introduced to
interpret the data of PLS2 and PLS3. In fact the data tend to
saturate for T,/t; > 100, suggesting the influence of a very
long characteristic time. Thus we added a second lorentz-
ian spectrum to the expression 4 and fitted the data to (5).
The longer characteristic time is not well defined but,
in any case, more than a thousand times larger than the
smaller one. We can thus take the limit of (5) for 7g — oo,
obtaining

My = M) [A+ (2 /Ty) (1= A 7] (11)
In Table 2 we report the fitting parameters obtained using
the above equation. We note that the presence of an infinite
correlation time should show up as a baseline in the cor-
relation functions of Fig. 2. The amplitudes of the baseline
shown in Table 1 are of the same order of the value of the
parameter (A—1) of (11). We also note that an apparently
negligible baseline in g® heavily affects ./ at large T;. For
Ti/7; <1 The data points tend to settle around a value which

T T T T T T T T T T T TR

o PLSI
° PLS2
s PLS3
< PLSm 7
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Table 1 Fitting parameters of correlation functions of PLS1, PLS2, PLS3 and the mixture PLSm

System p 71 (us) To (U8) b a 2R;, (nm) exptl.
PLS1 0.74 328 - 0.001 75.2

PLS2 0.80 1,024 - 0.020 234

PLS3 0.70 8,630 - 0.027 1,963

PLSm 0.78 288 6,560 0.08 0.58 66.0 1492

The hydrodynamic radius R, has been obtained from the Einstein relation R, = (kBqur)/(6 nn) where # is the viscosity of the solvent, kp is the

Boltzmann constant and g is wave vector

Fig. 3 Scattered photon counts 1
histograms in the case of pure 0.8
dispersion PLS1, at different 0.6
integration times 7. Histograms
are fitted to Poisson-

transformed gamma distribution

T
T, /7, ~0.016

(2) for T, /1; <1, elsewhere to 00 _— ; § ; f ; ﬁ ; é B
gamma distribution (3)
B 1 2 e
0.1 T/t ~1 . sk T,/ 1, ~16.5]
g ] EERE u
a, 0.05 — — <L d
4 ] 0.5 —
0 L L™ il ] I A ]
0 10 20 30 40 50 60 70 150
101 S50
8 Ny
g 6 8 3
S - S L
El e =2
2 1+
0 (e
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n
Fig. 4 Parameter .# obtained TR T T R et IR TRt
from gamma distribution fits of F 5
histograms as described for r g E:gé =
Fig. 3. The three single B PLS3

dispersions PLS1 (circle), PLS2 10°
(diamond), PLS3 (square) are
fitted to (11) with parameters in

Table 2
s 10°F 3
10'F =
10° A Covnnel ¢l yaibs
10" 10° 10° 10™ 10° 10" 10° 10° 10"
T, /7

is definitely larger than 1. This is expected since, even for
very small integration times, the value of .# reflects the
spatial averaging over different coherence areas (Goodman
2000) due to the finite area of the detector + optics.
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Instead of pretending to know the shape of the photon
count distribution of the integrated intensity, one can
measure the cumulants straight from the count history. The
case of the normalized second cumulant is illustrated in
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Table 2 Fitting parameters of

A for PLS1/2/3 System 7 A-1
PLS1 134 0
PLS2 1.41 0.04
PLS3 147 0.05

Fig. 5. We recall that the second cumulant is strictly re-
lated to .# (see 6). Substituting (4) in (6) and using the y
values of the fitting in Fig. 4 one obtains the lines in Fig. 5.
Since we are taking into account a single lorentzian com-
ponent the agreement between the theoretical function and
the data points is good only up to 7T)/t; ~ 100. Note that the
data for PLS1 show a curvature for T)/t; > 10%, a range
where the histograms are too noisy to be usable.

We now want to check whether it is possible and what it
means to fit the histograms of photon counts described
above, to (8), that was introduced to study systems where
processes with fast and slow timescales coexist. In the PLS
dispersions a single characteristic time is present and thus
when T; > t we expect to find a small value of Is/I, since
on the scale of T; the PLS diffusion represents a fast pro-
cess and no slower scatterers are present. First of all we
have checked that the quality of the fit to (8) is acceptable
at least in the range 7; = 10 T where the approximation, on
which the distribution is based, holds. As shown in Fig. 6
the quality of the fitting is comparable to that obtained
using the gamma distribution. Actually the gauss-exp dis-
tribution works quite well (much better than the gamma
distribution) at fitting the exponential tail of the histograms
(data not shown). We can exclude that such tails be arti-
facts since the theoretical distributions for exponentially
correlated intensity do show such tails for 7/1>2, as we
have checked by numerical computation (Slepian 1958).
The parameter N of Eq. 8 is closely related to .# as shown
in the inset of Fig. 6. The values of N are systematically
larger than .#, in particular at small values of ..

Fig. 5 Normalized second 1
cumulant of photon counts
versus Tj/t;. The three sets of
data, PLS1 (circle), PLS2 10°
(diamond) and PLS3 (square),

are fitted to (6) with values for |
7y equal to those in Table 2

In Fig. 7 are shown the values of xr = I /I for the three
PLS dispersions.

Since we are looking at the time range 7; > 10 1, we
would expect to find xr ~ 1. As a matter of fact, we find
that the data start from values around 0.85 and increase
slowly toward the unity. We associate this unwanted effect
to the persistence of an exponential tail in the photocount
histograms for 7; values up to 100 7,. Such tail is actually
well fitted by the gauss-exp distribution and thus wrongly
attributed to a slow process.

It is interesting to note that the curves can be superim-
posed by rescaling the time axis by the respective corre-
lation times, as shown in the inset of Fig. 7. Moreover it is
possible to find a master curve using a power law xp =
1-{1 + 2.4 (Ty/t)} %, In summary the dependence of xp
on the time is smooth and not steep.

In the case of the mixture of polystyrene particles of two
different sizes, we can fully examine the behavior of the
distribution as well as the fitting parameter obtained by
using (8). In Fig. 8 nine histograms are shown with T}
ranging from 0.5t to 125t~23 15, where 15 and tg are the
correlation times relative to the small and large PLS
spheres, respectively. Note that the dynamic range is quite
large (up to 10°) and that the gauss-exp distribution (con-
tinuous line in Fig. 8) is capable of fitting quite well. No
matter what the value of T7j is, the histogram features a
clear exponential tail which increases its slope at increasing
T;. On the basis of the analysis of the correlation function
(10), we would expect to find xz ~ 0 for 7T; < 15, xp ~ 0.6
for 1z > T} > 15, and xp ~ 1 for T; > 5. Such ideal values
are indicated in Fig. 9 with a dashed line. The data points,
instead, varies from 0.4 to 0.8 and are very close to the
expected value only for 7T, values between 10° and 2 x
10% p 5. Tt happens that this range is the optimal one in
terms of distance both from the fast and the slow charac-
teristic times. We observe again the same underestimation

E < E
= \—{ o |
[ . w N
1T S R AT T R RN RTINS AR Lol IERTTTT R AT B AWt . 1|
10° 107 10! 10° 10' 10° 10° 10" 10°
TI/Ii
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Fig. 6 Comparison of the
fitting with the gamma and the
gauss-exp distributions. For
sample PLS1 (filled circle) at T)/
71 = 34, gamma distribution fit
is shown as a dashed line and
gauss-exp distribution as a
continuous line. In the inset:
parameter N obtained by fitting
the histograms with the gaus-
exp distribution (8), versus
parameter ./, obtained from 10"
gamma distribution fit (2 and 3)
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T o

T
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T T
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Fig. 7 Fraction of the fast 1 =
contribution to scattered light,
with respect to 77, as estimated + -
from fittings to gauss-exp
distribution for PLS1 (circle), 0.95 - _
PLS2 (diamond), PLS3
(square). In the inset: Fast | :
contribution fraction for PLS1/
2/3 dispersions with respect to & oo .
T)/t; (same symbols) . ’
0.85 - -
0.8“']""""’2' ......|z . .....:4
| 10 10 ITI/Tam 10
10* 10° 10° 10’
T, (us)

of xp for T; >> 75 described above, and the absence of clear
slope changes in correspondence to the two relevant cor-
relation times. From what we have seen we can predict that
the non ideal behavior of xx could be less pronounced in
the case of a large timescale separation between the fast
and the slow processes. In the present case the maximum
relative error in determining the contribution of diffusive
processes with a correlation time lower than the integration
time is of 20%. Indeed, the integration time 7; is not a
sharp threshold between fast and slow processes. As we
made it clear above, all processes which are ‘‘slower’” than
the integration time do not contribute to the ‘‘fast’’ fraction
xr. In addition, all processes which are ‘‘faster’’ than the
integration time are included in the fast fraction to some
extent with a power law dependence. Therefore, this
approach provides a statistical filter for slow processes.
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Equivalently, this method is very useful to highlight the
onset of non-gaussian noise during aggregation kinetics.

Conclusions

Light-scattering techniques are widely used in biophysics
to determine structural and dynamic properties of solutions
or gels of biomolecules. Robust and thoroughly tested
analysis tools are nowadays available to get useful infor-
mation out of the raw photocount history. However, in the
case of fast kinetics involving the appearance of long
characteristic times the standard tools could be inefficient.
In such cases it is possible to perform the recently proposed
(Manno et al. 2004) analysis of the integrated intensity
distributions in terms of fast and slow processes, where fast
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Fig. 8 Scattered photon counts
histograms in the case of
mixture dispersion

PLS1 + PLS3, at different
integration times 7;. Histograms
are fitted to gauss-exp
distribution (8)
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Fig. 9 Fraction of the fast contribution to scattered light as estimated
from fitting in Fig. 7. The dashed line represents the stepwise, ideal
behavior expected on the basis of the correlation function analysis

and slow are defined in terms of the integration time. This
theoretical study proposes also an approximate distribution
function that is a convolution of a gaussian and an expo-
nential distribution (gauss-exp distribution).

We have here studied the effect of changing the latter in
the case of a model system comprising simple PLS spheres
of different sizes. We have shown that the histograms of
photocounts can be fitted to a Poisson- transformed gamma
distribution, or to a simple gamma distribution, depending
on the average number of counts during the integration

time. We obtained the parameter .# which varies as ex-
pected for scattered light whose correlation is decaying
exponentially. Strong deviations at large 7; can be ex-
plained as the effect of very slow fluctuations of scattered
intensity and are in agreement with the amplitude of the
baselines of the respective field correlation functions.

The histograms of photocounts have also been fitted to
the gauss-exp distribution for integration times larger than
the PLS characteristic time at the given wave vector. The
results for the different PLS can be superimposed by
scaling the times with the respective characteristic times.
The fraction of fast-fluctuating intensity xz is not univo-
cally ascribed to diffusional processes which are faster than
the integration time 7. Other processes with a character-
istic time 77 larger than 7; contribute to xz, with a power
law dependence upon the ratio t/7T;. As a rule of thumb,
we may consider that processes with t7>100 7; give a
negligible contribution to xp (see Fig. 7). This unsharp
separation of slow and fast processes may be explained by
the presence of an exponential tail in the histograms which
is captured by the gauss-exp distribution as a sign of a slow
process, stealing to the fast fraction. The exponential tail
appears to be a relic of the instantaneous intensity distri-
bution and survives to relatively large integration times.
The same effect is apparent in the case of a mixture of the
two PLS spheres whose size (and correlation times) differ
by a factor 23. Again the fraction of fast intensity starts
from a low of 0.4 and reaches the expected value only

@ Springer
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within an interval of integration times that is sufficiently far
both from the fast and the slow processes.

The analysis of the photocount histograms with the
gauss-exp distribution is capable of assigning the correct
fraction of slow and fast scattered intensity even in the case
of a timescale separation of ca. one order of magnitude. As
it is clear from Fig. 7, a good estimate of x can be ob-
tained only by a judicious choice of the integration time.
We expect to find a more robust behavior for larger time-
scale separation.

Two additional effects can influence the efficiency and
reliability of the statistical approach tested here. One is the
poissonian character of the detection process that is most
apparent at low count rate. For an integration time larger
than a fraction of a second and for usual count rates this is
not going to be a major problem. The second effect is due
to the averaging of more than one coherence area at the
detector. The net result of this effect will be an underes-
timation of the fraction of the slow component of the
scattered light and should be taken into account when the
p factor estimated from measurements of the correlation
function is grossly less than one.
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