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Abstract
High-sensitivity low-coherence DLS is applied to

measurement of particle size distribution of pigments
suspended in a ink. We show the changes of particle size
distribution of thixotropy and sedimentary pigments with
time.  Moreover, we show the dependence of particle size
distribution of pigments particles on the concentration.

1 Introduction
We have been proposed and developed low-coherence

dynamic light scattering(DLS), which is heterodyne DLS
using a broadband light source instead of a laser.  Because
of characteristics of low-coherence interferometer, path-
length resolved measurement can be taken.  By choosing
the pathlength of scattered light to be shorter than the
mean-free-path-length, the influence of multiple scattering
can be neglected and the DLS measurement can be
performed even for dense scattering media[1-3].  However,
its application was limited to particles with a diameter
larger than 100 nm since the primary system with
Michelson interferometer has not high sensitivity.
Adopting a Mach-Zehnder interferometer, a balance
detector, and a confocal system, the sensitivity of the new
system, named high-sensitivity low-coherence DLS, is
considerably improved and lower the limit of detectable
particle size is extended to less than 10 nm[4].

In this paper, by using  high-sensitivity low-coherence
DLS, we measurement particle size distribution of pigment
particles suspended in a ink. We measure the change of
particle size distribution of sedimentary and non-
sedimentary pigment particles with time. We investigate
the influence of dilution to the particle size distribution.

2 High-sensitive low-coherence DLS
Figure 1 shows a schematic of the developed low-

coherence DLS system.  A superluminescent diode (SLD),
with a central wavelength of 835.7 nm and a spectral width
of 18 nm is used as a low-coherent light source.  The
coherence length of it is about 34 m.   The light is  divided
by a coupler into 99% probe light and 1% reference light.
The probe light illuminates the sample via a circulator, a
collimator, and a 10x objective lens.  The backscattered

light is coupled again into the optical fiber, and sends to
the other coupler with a coupling ratio of 50:50.  We adopt
a confocal optical system to efficiently detect the scattered
light but a numerical aperture of the incident light is not so
high.  A beam waist size of the incident light is about 100
m.  A large number of particles is inside the scattering
volume.  The influence of the confocal optical system on
the scattering angle is insignificant because the wave front
of the incident light is plane near the beam waist and a
numerical aperture of the incident light is not so high.  The
focal point of the incident light is inside the sample and
100m away from a wall of a cuvette to avoid the wall-
drag effect on Brownian motion.

The reference light undergoes sinusoidal phase
modulation by an electro-optic modulator placed between
two collimators and sends to the second coupler.    The
modulation frequency varied from a few kHz to a few
hundreds of kHz, depending on the bandwidth of the
scattered light.   The distance between two collimators is
adjusted so that the path length of the light scattered at the
focal point coincides with that of the reference light.
Therefore, the light scattered from the region around the
focal point can interfere with the reference light.  The
depth of the region is coherence length of the light source.

The scattered light and the phase modulated reference
light is combine and divided by the second coupler with a
coupling ratio of 50:50 and fed to a balanced detector.  The
detector amplifies the difference of two signals that is the
interference signal between the scattered light and
reference light.  The intensity of interference signal
oscillates with  the modulation frequency of the reference
light.  The power spectrum and the temporal
autocorrelation function of the detected signal is calculated
by a PC.

The temporal autocorrelation function of the detected
signal is given by [3]
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where rI , sI ,  )(2 tI s , and )(sI s denote the intensity of
the reference light, the time-averaged intensity of the total
scattered light, time average of the square of the intensity
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of the total scattered light, and the time-averaged intensity
of the scattered light with the path length s. s means the
path length in side the scattering medium and, then, the
light scattered at the boundary of scattering medium has
the path length s=0.  2g denotes the temporal
autocorrelation function of the intensity of the total
scattered light.  sg ,1  denotes the temporal
autocorrelation function of the amplitude of the scattered
light with the path length s. )( means the complex
coherence function of the light source. l means path
length difference between the reference light and the light
scattered at the boundary. m and m denote the
modulus and frequency of the phase modulation.  The
temporal autocorrelation function in Eq. (1) is similar to
that of the conventional heterodyne DLS.  The third them
corresponds to the temporal autocorrelation function of
the conventional heterodyne DLS.  The second term is
negligible in conventional heterodyne DLS but it is
substantial in low-coherence DLS.  The second term is
proportional to the intensity of the total scattered light but
the third term is proportional to the amplitude of the
scattered light with the path length s.

When a coherent light source such as laser is used, the
complex coherence function is regarded as unity and the
temporal autocorrelation function is reduced to
    .,)( 101 dssgsIg s  


 It is identical to that of the

conventional heterodyne DLS.  On the other hand, when
the coherence length is quite short and the complex
coherence function is regarded as delta
function )//( cscl  , we can obtain the temporal
autocorrelation function of the amplitude of the scattered
light with the path length ls 
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Because the coherence length of actual light sources is
finite, the path length of the detected scattered light is
broadened and its width is coherence length of light source.
As a result the width and the depth of the scattering
volume are beam waist size and coherence length in low-
coherence DLS measurement, respectively.

By set path length of detected scattering light shorter
than few times of mean-free-math-length, low-coherence
DLS can obtain the temporal autocorrelation function of
single scattering even for extremely dense media[2].
Particle size distribution can be analyzed from the
temporal autocorrelation function by the conventional
method such as CONTIN method, weighted histogram
analysis method, and cumulant expansion.

Figure 1 Experimantal setup.

3 Results and discussion
Figure 5 shows particle size distribution of thixotropy

and sedimentary pigments estimated by the weighted
histogram analysis method.  The primary particle size of
the pigments is a few tens nm.  The vertical axis denotes
the scattering intensity.  The scattering intensity from one
particle is proportional to the sixth power of particle
diameter according to Rayleigh scattering.  We can find 4
peaks in the particle size distribution just after dispersing.
The peak around 10-20nm corresponds to primary particle.
Other peaks show aggregate or agglomerate of pigments.
It should be noted that a large number of primary particles
and a few aggregates and agglomerates are in the
suspension because the scattering intensity from  primary
particle is quite weak.  One month after dispersing, the
number of primary particle decrease drastically due to the
aggregation or agglomeration.  Moreover, aggregates
larger than 1 m disappear due to the sedimentation.
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Figure 2 Particle size distributions of thixotropy and
sedimentary pigments measured (a) just after and (b) one month
after dispersing, respectively. They are estimated by the
weighted histogram analysis method.
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Figure 6 shows particle size distribution of other kind of
pigments estimated by the weighted histogram analysis
method.  The weight fraction of the pigments is 15wt %.
Three diluted solutions with weight fraction of 0.15wt%,
5wt%, and 10wt% are prepared.  The pigments with
weight fraction 15wt % has broad particle size distribution
from 50nm to 10000nm.  By diluting the ink, large size
particles vanishes and width of size distribution decreases.
This indicate that the diluting the solution influence to the
dispersion of particles and great care must be taken to
dilute solution in DLS measurement.  The low-coherence
DLS which can apply to dense and turbid medium
without dilution is available method to evaluate the
dispersion of particles.

Figure 3 Particle size distributions of thixotropy and
sedimentary pigments measured (a) just after and (b) one month
after dispersing, respectively. They are estimated by the weighted
histogram analysis method.

4 Conclusion
We measurement particle size distribution of pigments

suspended in a ink by using high-sensitivity low-
coherence DLS.  The temporal variation of particle size
distribution of thixotropy and sedimentary pigments due

to aggregation, agglomerate, and sedimentation is
demonstrated.  Moreover, we demonstrate the influence of
dilution of ink to particle size distribution.  In a kind of
ink, the dilution of ink strongly influence to the dispersion
of particles.  The low-coherence DLS which can apply to
dense and turbid medium without dilution is available
method to evaluate the dispersion of particles.
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